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Foreword 



It is my great pleasure and privilege to introduce another volume, published in our book 
series Medical Radiology - Diagnostic Imaging, and which is devoted to MR imaging of 
the Gastrointestinal Tract. 

The editor Dr. J. Stoker, an internationally leading gastrointestinal radiologist, has 
been involved since many years in basic and translational clinical research of the chal- 
lenging field of MR imaging of the GI tract, an organ system that offers considerable 
technical difficulties for obtaining acceptable image quality, even with modern MRI 
technology. 

Recent technical progress in equipment design, as well as in computer hardware and 
software laid the base for the full development of MRI of the GI tract as a clinical tool 
for routine radiological imaging. 

This book is one of the first publications to offer a state of the art and comprehensive 
overview of the meticulous examination techniques and the specific sequences, which 
are essential for optimal image quality in MR imaging of the GI tract. It further covers 
in depth the actual diagnostic role of MRI in the management of Crohn's disease, rectal 
cancer, and diseases of the anus, which are already well-established clinical applications 
of this modality. Finally, it also explores new clinical frontiers for the study of the GI 
tract such as dynamic MRI, perfusion and diffusion MRI, and high-field imaging. 

The short preparation period for this volume ensures the reader that the very last 
advances in our knowledge of this rapidly evolving field could be included in this new 
volume. 

The clear and informative text, the numerous, well-chosen illustrations of superb 
technical quality as well as the traditional Springer excellent standards of design and lay 
out make this outstanding work a reference handbook for all certified general and gas- 
trointestinal radiologists. Also, radiologists in training will find it very useful for improv- 
ing their knowledge and their skills. Referring physicians such as gastroenterologists 
and abdominal surgeons will benefit from it to improve the clinical management of 
their patients. 

I am greatly indebted to the editor J. Stoker for his efficient and brilliant editorial 
work as well as for the judicious choice of the contributing authors, all well-known and 
internationally recognized experts in the field, who wrote the 19 individual chapters. 



VI Foreword 



It is my sincere wish and my firm conviction that this unique book will meet great 
success with the readership of our book series Medical Radiology - Diagnostic 
Imaging. 

Albert L. Baert 
Series Editor 



Preface 



Magnetic resonance imaging (MRI) of the gastrointestinal tract was not an upfront 
obvious development as the gastrointestinal tract is a challenging organ system for MRI. 
Obtaining good image quality of a tube with a few millimeter thin wall is demanding, 
while peristalsis and respiration further increase difficulties. These hurdles have been 
largely overcome by hardware and software improvements. 

At present, MRI is an important diagnostic technique of especially small bowel 
(e.g. Crohn's disease), colon (e.g. rectal cancer), and anus. The combination of high intrinsic 
contrast resolution, lack of ionizing radiation, and no invasiveness is crucial for this role. 

Now MRI techniques widely used in other fields, such as diffusion and perfusion 
MRI, make their way to clinical application in MRI of the gastrointestinal tract. Also 
dynamic MRI and MRI of motility have been introduced. MRI of the gastrointestinal 
tract at high field is studied. 

The book is intended as an up to date overview of MRI of the gastrointestinal tract. 
Initial technical chapters are followed by clinical orientated chapters of all parts of the 
gastrointestinal tract and closely related structures. By presenting both basic and 
advanced knowledge, this book is intended to be instructive for the novice while simul- 
taneously offering experienced practitioners further insights into the value of MRI of 
the gastrointestinal tract. I hope that readers will find this book useful when starting or 
improving their use of MRI in patients with gastrointestinal diseases. 

I thank all the distinguished experts in the field who contributed to this book. I am 
very pleased that they were willing to share their insights and expertise. I thank Professor 
Baert for his invitation to contribute a book dedicated to MRI of the gastrointestinal 
tract for the renowned Medical Radiology series. Ursula Davis, her successor Daniela 
Brandt, and colleagues at Springer are thanked for the always timely and friendly com- 
munication and very effective production process. 

I thank my secretary Annemarie van der Woestijne for her help during the prepara- 
tion of this book. 



Amsterdam, The Netherlands 



Jaap Stoker 
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E Y POINTS 



Successful MRI of the GI tract requires an under- 
standing of the anatomical and physiological chal- 
lenges along with the technical basis of MRI. Receiver 
coils need to be purpose-designed for adequate cov- 
erage and efficient to provide good signal. Increasingly, 
designs take account of parallel acceleration tech- 
niques, which can improve volume coverage and 
temporal resolution. Conventional sequences are still 
used where motion artifacts are limited but GI tract 
imaging predominantly relies on fast breath-hold 
imaging. These methods now provide a range of con- 
trast and high-quality diagnostic images with either 
breath-hold or subsecond acquisitions that can freeze 
many sources of motion artifacts. Refinements pro- 
vide effective fat suppression, hydrographic projec- 
tion imaging similar to traditional X-ray fluoroscopy, 
and high-quality sectional images that demon- 
strate the bowel lumen, wall, and extramural tissues. 
Interpolated 3D Tlw breath-hold sequences used 
with antiperistaltic pharmacologic agents provide 
for pre- and postintravenous gadolinium imaging 
that can encompass whole sections of the GI tract. 
Dynamic imaging is possible by using balanced gra- 
dient echo and/or single-shot half- Fourier spin echo 
sequences that can illustrate organ filling and empty- 
ing in the GI tract and evaluate both normal and 
abnormal GI tract physiology. Diffusion-weighted 
and perfusion imaging techniques are becoming 
widely available and provide quantification parame- 
ters to apply to the GI tract. 



David J. Lomas, MD 

Department of Radiology, University of Cambridge and 
Addenbrooke's Hospital, Hills Road, Cambridge, CB2 OQQ, 
UK 
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1.1 



Introduction 

The gastro-intestinal tract presents all imaging meth- 
ods with well-known technical challenges, including 
physiological motion (e.g. swallowing, gastric, and 
small bowel peristalsis) (Kellow 1986); the com- 
plexity, inaccessibility, and variability of the tubular 
anatomical components; the simultaneous intralu- 
minal juxtaposition of gas, solids, and liquids; and 
the presence of extrinsic motion related to blood 
flow and respiration. The disease processes that 
develop in the human GI tract create further imaging 
challenges as the disease patterns and morphology 
vary. The imaging may need to be optimised to dem- 
onstrate predominantly intra-luminal (e.g. polyps), 
mural (e.g. wall inflammation, tumor or stricture) or 
extramural (e.g. fistula formation, endometriosis, 
adjacent organ tumors) disease changes depending 
on the clinical presentation and the region of the 
tract under investigation. During the last century, 
X-ray-based imaging successfully addressed these 
challenges with a range of strategies that have become 
routinely practised techniques in hospitals world- 
wide. These include the use of bowel preparation 
methods, oral and tube delivered contrast media, the 
use of static and fluoroscopic (dynamic) imaging 
along with postural changes often aided by tilting 
examination tables. 

Given these challenges, it is no surprise that the 
gastro-intestinal tract is one of the last body systems to 
be successfully imaged by MRI. This is partly due to 
the technical capability and limitations of MRI as well 
as the competing performance of other X-ray-based 
imaging modalities, including most recently developed 
multidetector CT. During the 1990s, improvements in 
MR hardware led to a substantial improvement in the 
ability to image the GI tract and this has now been 
demonstrated successfully on a wide variety of MRI 
systems. The majority of research developments and 
clinical applications have used 1.5 T 50-60 cm diame- 
ter closed cylindrical bore systems. These provide a 
good compromise of field strength, related artifacts, 
volume coverage, and gradient performance. Higher 
field strength systems have also been used success- 
fully but present a range of additional challenges, 
addressed in more detail in Chap. 2. This chapter will 
focus on the technical requirements and strategies 
that have been developed for supporting high-quality 
MR imaging of the GI tract. In this application as in 
most others, MR image quality is a compromise of 



many factors, not the least of them being the spatial 
and temporal resolution, both of which must be 
exploited for imaging the GI tract. 



1.2 



Coils 
1.2.1 

Requirements 

Receiver coils are an integral part of MRI and for GI 
tract imaging the major requirements are for adequate 
volume coverage, RF homogeneity, and signal-to-noise 
ratio (SNR). In an ideal MRI system, all the imaging 
would be obtained using the body coil built into the 
cylindrical bore of the system, but in practice, although 
this usually provides good homogeneity and volume 
coverage, it provides inadequate SNR on both 1.5 T and 
3 T systems. This results in compromised image quality 
and it is well known that inadequate SNR will also 
degrade contrast to noise ratio (CNR) which is often 
crucial for diagnosis (Constable and Henkelman 
1991). Modern MRI systems now rely almost exclu- 
sively on multicoil surface receive arrays (Roemer et al. 
1990) for abdominal and pelvic imaging. Although 
these have spatially varying RF sensitivity, which 
results in signal reduction with distance from the coil 
surface, they can double the overall SNR when com- 
pared with the intrinsic body coil. This is particularly 
important in bowel imaging as it permits short enough 
acquisitions for breath-hold imaging. The early multi- 
coil "torso" and "cardiac" arrays had relatively small 
fields of view cranio-caudally (e.g. 20-30 cm) that lim- 
ited their use to either the abdomen or pelvis but not 
both without time-consuming repositioning. These 
arrays are appropriate for esophageal or pelvic imag- 
ing, but more recently larger arrays have been intro- 
duced (Fig. 1.1) that cover the abdomen and pelvis (e.g. 
40-44 cm cranio-caudally), essential for imaging the 
whole of the large and small bowel efficiently. 

1.2.2 

MultiCoil Receive Arrays 

At the time of writing, most commercial body receive 
arrays comprising between 8 and 16 coil elements with 
separate or multiplexed receiver channels. Thirty-two 
channel arrays are becoming available commercially, 
but it is not yet clear whether the use of 64 and 128 
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Fig. 1.1. A typical flexible multi- element receiver array with 
sufficient superior-inferior coverage for the whole abdomen 
and pelvis 

channel arrays will offer gains that justify the complexity, 
cost, and increased risk of mechanical failure. In general, 
increasing channel and coil number creates problems 
in achieving adequate radiofrequency depth penetra- 
tion but brings the benefit of facilitating parallel imag- 
ing reconstruction techniques. These techniques 
partially replace phase encoding with spatial sensitivity 
encoding related to the coil geometry. This can improve 
temporal resolution and reduce some artifacts but par- 
allel receive acceleration reduces the SNR and is there- 
fore probably most usefully exploited for optimizing 
imaging on higher field systems (3T and above). The 
use of acceleration in two directions simultaneously 
facilitates more rapid 3D imaging, but at the present 
time it has not been possible to achieve 3D imaging 
with adequate spatial resolution and volume coverage 
in the subsecond range needed to freeze bowel peristal- 
sis. The two main early methods utilize the spatial sen- 
sitivity information to create the replaced phase encode 
information slightly differently. Sensitivity encoding 
(SENSE) applies this information in "image" space after 
the Fourier reconstruction of "K" space (Pruessmann 
et al. 1999), whereas the simultaneous acquisition of 
spatial harmonics (SMASH) method (Sodickson 
and Manning 1997) performs this step within "K" 
space before Fourier reconstruction. 

Another challenge for parallel techniques for bowel 
imaging is the requirement for calibration images to 
generate the spatial sensitivity maps. The early imple- 
mentations acquired these calibration images separately 
at the beginning of an examination but for GI tract 
imaging subsequent signal variations owing to contrast 
medium and bowel motion could invalidate these 
images creating artifacts in the reconstruction process. 
More recently, self- or auto-calibrating techniques have 



been developed that are more appropriate for imaging 
the GI tract (Griswold et al. 2002; Brau et al. 2008). 



1.2.3 

Endoluminal Coils 

Endoluminal coils have been introduced for upper gas- 
trointestinal - primarily esophageal - imaging and ano- 
rectal imaging. The limited experience with these coils 
mainly concerns anorectal imaging. Saddle geometry or 
phased array coils are used with dedicated cylindrical 
coils for anal imaging (Stoker et al. 1999). The higher 
local spatial resolution of endoluminal coils has to be 
weighted against the discomfort, costs, and limited avail- 
ability. Thereby, with present external multicoil receive 
arrays high-resolution images are obtained as well. The 
main application of endoluminal anorectal MRI is in the 
detection of subtle internal openings in fistula-in-ano 
and evaluating fecal incontinence (see Chap. 19). 
Endoluminal coils are also studied for their role in stag- 
ing esophageal and gastric cancer (see Chap. 5). 



1.3 



Sequences 
1.3.1 

Requirements 

Virtually all the sequences used successfully to image 
the majority of the GI tract need to acquire their data 
within a tolerable breath-hold - for most people this is 
a maximum of 15-20s (hyperventilation is helpful in 
increasing this maximum to some extent). This effec- 
tively rules out using most of the conventional slow 
imaging sequences using spin or gradient echoes that 
take several or more minutes to acquire. Breath-hold or 
faster imaging is necessary first to avoid blurring or 
interleaving artifact from respiratory-related abdomi- 
nal motion. Secondly, gastric and small bowel peristal- 
sis although relatively slow is unpredictable, so gating 
methods are impractical and to freeze this motion 
each image has to be acquired in less than a second, 
unless antiperistaltic agents are used. Currently, only 2D 
imaging sequences are fast enough to provide this type 
of subsecond acquisition. At these speeds, acceptable 
image quality can be obtained even during free breath- 
ing but breath-holding or respiratory triggering is often 
employed to avoid interleaving artifacts and unpredict- 
able volume coverage. 
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All of the 3D strategies currently used acquire the 
data for each image over longer time periods (e.g., 
10-20 s) and are therefore prone to blurring artifacts 
from peristaltic motion unless pharmacological agents, 
e.g.,hyoscine bromide or glucagon are administered to 
transiently paralyse the bowel. Antiperistaltic agents 
have been widely used with X-ray contrast and endos- 
copy techniques to both relax and paralyze the bowel. 
Over the years, there has been some debate about the 
efficacy and duration of action of these agents for the 
small bowel. This has been studied using dynamic 
MRI of the small bowel, which demonstrated that glu- 
cagon has a longer duration of action (up to 3 times 
longer) and is more effective at achieving paralysis of 
the whole small bowel than hyoscine bromide agents 
(Froehlich et al. 2005, 2009). In comparison, hyoscine 
bromide based agents have proven more effective at 
relaxing the large bowel and have been routinely used 
in most MR colonography studies. 

The exceptions to the situation described above are 
the rectum and perineum where conventional 2D and 
3D spin-echo imaging sequences can be used over 
several minutes to improve spatial resolution. This is 
because motion-related artifacts are much reduced 
owing to the relatively static nature of the surrounding 
pelvic and perineal soft tissues. In practice, even in 
this part of the GI tract most traditional spin-echo 
sequences have been replaced by multishot RARE 
imaging as described below. This is because higher 
spatial resolutions can now be achieved in the same or 
less imaging time overall. 

An overview of imaging acquisition sequences is 
given below, which concentrates on rapid imaging 
sequences that can provide adequate image quality 
within a 15-20-s breath-hold or less. Where possible, 
generic sequence names have been used largely con- 
forming to those used in the MR physics community 
(Bernstein et al. 2004). These are summarized in 
outline protocols in Table 1.1, which provides a cross- 
reference for the vendor "trade" names that are often 
more widely used. In addition, a brief introduction to 
hydrographic and dynamic imaging is given along 
with an overview of diffusion weighted and perfu- 
sion imaging that are being increasingly used for 
evaluation of particularly GI tract tumors. 

1.3.2 

Echoplanar (EPI) 

Echoplanar imaging was originally the only imaging 
sequence that could acquire data fast enough to freeze 



bowel motion and several pioneering early publications 
on MR of the GI tract used this approach (Evans et al. 
1993). EPI was introduced early in the development of 
MRI (Mansfield 1977) and consists of an echotrain 
generated by alternating refocusing readout gradients. 
Utilizing high receiver bandwidths allows sub second 
imaging but the alternating readout gradients effec- 
tively multiply any phase errors related to magnet or 
other inhomogeneity. As a result, EPI is particularly 
prone to susceptibility artifacts and even with opti- 
mizsation may show geometric distortions and signal 
losses close to air tissue interfaces (Fig. 1.2). This is 
markedly different to the performance of echotrain 
spin-echo sequences discussed below. 

The development of improved fast spin and gradient 
echo techniques during the 1990s has largely super- 
seded EPI for structural and dynamic imaging of the 
bowel. Recently, EPI has found a new niche in rela- 
tion to diffusion weighted imaging (DWI) for which 
it has particular benefits. DWI is being applied to 
several regions of the GI tract both for routine clini- 
cal and research use and is discussed below and in 
more detail in Chap. 4. 



1.3.3 

RARE (TSE, FSE) 

Early MR imaging was limited by the long acquisition 
times of conventional spin and gradient echo 
sequences in all body areas and to overcome this 
Hennig introduced "fast" T2w spin echo imaging in 
the late- 1980s with the "rapid acquisition with relax- 
ation enhancement" or RARE sequence now better 
known as fast spin-echo (FSE) or turbo spin-echo 
(TSE) (Hennig et al. 1986). This relies on the use of 
multiple refocusing 180° pulses to generate multiple 
readout echoes after the initial excitation. In prac- 
tice, vendors routinely use less than 180° refocusing 
(typically optimized at 130-155°) pulses to reduce 
power deposition. The refocusing pulse train makes 
these sequences particularly resistant to off-resonance 
artifacts and magnetic field inhomogeneities, espe- 
cially helpful at gas-tissue interfaces, which are a fre- 
quent feature of GI tract imaging. 

The early forms of this sequence were only practi- 
cal with short echo trains owing to the limited gradi- 
ent performance then available. This was because long 
interecho spacing caused marked variation of the sig- 
nal amplitudes in K space, which resulted in spatial 
frequency filtering - visible on the images as blurring 
in the phase encode direction. This effect is most 
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Table 1 .1 . Overview of the main fast imaging sequence types and nomenclature 



2D or 3D 


2D 


2D 


2D 


2D 


3D 


3D 


Generic name 


RARE 


Single-shot 

half-Fourier 

RARE 


Hydrographic 

projection 

RARE 


Balanced SSFP 


Balanced SSFP 


Interpolated 
3D Tlw 


Trade names 


TSE/FSE 


HASTE, SSFSE, 
EXPRESS, FASE 


Any RARE 
sequence in 
single shot 
mode 


True-FISP, 
FIESTA, balanced 
FFE, balanced 
SARGE, true-SSFP 


True-FISP, 
FIESTA, balanced 
FFE, balanced 
SARGE, true-SSFP 


VIBE, 
FAME, 
LAVA, 
THRIVE 


Acquisition time 
per section 


0:1 min 


0:1 


0:1 


0:1 


0:10-0:25 


0:10-0:25 


Total acquisition 
time (minis) 


0:1 


0:1-0:25 


0:1 


0:10-0:25 


0:10-0:25 


0:10-0:25 


Section thick- 
ness (mm) 


5-10 


5-10 


10-100 


2-10 


2-4 


3-6 


Number of 
actual sections 




16-30 


1 (can be more) 


1-30 


8-32 


8-32 


TE or TE 
effective (ms) 


60-90 


60-90 


600 


1.5-2.5 


1.5-2.5 


1.5 


TR (ms) 


0 


800-2,000 


4,000-10,000 


4.0-5.5 


4.0-5.5 


3.0-4.0 


Fat suppression 


N 


N(Y) 


Y 


N 


N 


Y 


Excitation flip 
angle (refocusing) 
(degrees) 


(130-180) 


(130-180) 


(130-180) 


50-70 


50-70 


10-15 


Echotrain length 


Single or multi- 
shot full Fourier 


Single-shot 
half-Fourier 


Single-shot half 
or full Fourier 


N/A 


N/A 


N/A 


Parallel 

acceleration (x) 


1 


1-2 


1-2 


1-2 


1-4 


1-4 


"Cine" version 
possible 


Yes if single 
shot 


Yes 


Yes 


Yes 


No 


No 


Antiperistaltic 
needed 


No if single shot 


No 


No 


No 


Yes 


Yes 



Matrix and voxel sizes have been omitted for simplicity, but are typically 256 x 256 or larger and for large FOV coronal imaging 
512 x 256 is commonly achieved. Smaller matrices may be needed to achieve good temporal resolution with "cine" sequences. 
Echotrain lengths relate to the number of phase encode steps required to fill K space. This means that for a 256 x 256 acquisition 
single-shot full-Fourier acquisition, the echotrain would be 256 long, whereas single-shot half-Fourier would have an echotrain 
approximately 128 long. Multishot sequences have widely varying echotrains but are usually full-Fourier and typical variations 
for a 256 x 256 matrix would include 32 shots with an 8 echotrain, 16 shots with a 16 echotrain or 8 shots using a 32 echotrain. 
Actual TEs and TRs are manufacturer-dependent and influenced by other parameters, especially field of view and section 
thickness. Receiver bandwidths also directly influence many of these parameters but are omitted for simplicity. Fat suppression 
techniques may include spectral, inversion recovery or combined methods as appropriate. The use of parallel techniques varies 
with manufacturer and radiologist acceptance in respect of image quality 



noticeable in tissues and materials with a short T2 these smaller amplitude "late" echoes are typically 
value because their amplitude decays away quickly placed in the periphery of K space resulting in less 
following the initial excitation. In the RARE sequence, "information" in the high spatial frequencies used to 
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Fig. 1 .2. Images obtained at the same level in a volunteer us- 
ing single shot echotrain techniques and similar parameters, 
both taking approximately 500 ms to acquire: (a) single-shot 
half-Fourier RARE (b) single shot half-Fourier EPI. Note the 
signal loss posteriorly (arrows) in the EPI image resulting 

generate the sharp edges and boundaries in an MR 
image (Constable and Gore 1992). Many early 
implementations of this sequence suffered from these 
blurring artifacts in the phase encode direction 
(Fig. 1.3). This problem was initially reduced by using 
short echo trains, which meant that multiple "shots" 
or repetitions had to be used to fill K space. This ini- 
tially made RARE an impractical sequence for breath- 
hold imaging in the abdomen and pelvis but in this 
multishot form they are still widely used for high 
spatial resolution imaging of the rectum and perineum 
as well as structural imaging of the esophagus. 

Compared with conventional spin-echo sequences, 
RARE-based sequences also have enhanced fat signal 
owing to the reduction of the J coupling effect, and 
altered contrast owing to both the use of heteroge- 
neous echo times in K space and magnetisation trans- 
fer effects resulting from multiple RF pulses being 
played out close together both spatially and temporally 
(Bernstein et al). The contrast alterations are more 
difficult to quantify but essentially RARE sequences 
with long echo trains (e.g. single shot sequences 
described below) demonstrate a substantial "bias" 
toward long T2w materials (Hennig et al. 1996) so 
that these materials appear high signal (bright) in 
the image. This is one of the reasons why water-based 
contrast media are so effective with these sequences. 
It also explains why, when used with a shorter effec- 
tive TE, they are limited in their discrimination 
between shorter T2 materials such as when detecting 
malignant liver lesions. 



from the susceptibility effect of the air in the adjacent poste- 
rior sulci of the lungs and the geometric distortion creating a 
reduction in spleen size (asterisk). The RARE image is resis- 
tant to these effects owing to the 180° refocusing pulses 



1.3.4 

Single Shot RARE (TSE, FSE)/Single Shot 
Half-Fourier RARE (HASTE, SSFSE) 

During the mid- to late- 1990s, "single shot" versions 
of the RARE sequence became feasible owing to the 
use of improved gradient performance and higher 
receiver bandwidths to reduce inter-echo spacing. 
These sequences had an immediate positive impact 
on GI tract imaging as they could acquire multiple 
images within a breath-hold and in most cases each 
image is obtained within a second, freezing both 
respiratory and most bowel peristaltic motion. Early 
versions employed half-Fourier techniques (Semelka 
et al. 1996) that relied on the symmetry of K space so 
that only half of K space needed to be collected (in 
practice just over 50% is required for the reconstruc- 
tion to operate properly, e.g., typically 132 echoes are 
collected for a 256 matrix study). Virtually, all mod- 
ern 1.5 T systems are now also capable of full Fourier 
(i.e. a full echo-train, 256 echoes in the example 
above) single-shot acquisitions within approximately 
1-2 s. Half-Fourier reconstruction is still widely 
employed as it retains the advantages of a shorter 
echo-train - faster per image acquisition (usually 
subsecond, essential for freezing bowel peristalsis) 
and less RF power deposition - but at the expense of 
a reduction in SNR. One side effect of reducing the 
inter-echo spacing to a minimum is degradation in 
the accuracy of slice selection, which can lead to cross- 
talk effects between adjacent sections. On modern 
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Fig. 1.3. RARE imaging 
and spatial frequency 
blurring. Single shot half- 
Fourier RARE images of a 
phantom using inter-echo 
spacing of 6 ms in the 
upper image and 18 ms in 
the lower image. Note the 
marked blurring in the 
phase encode direction 
(left - right) in the lower 
image owing to the signal 
amplitude reductions for 
the echoes placed in the 
periphery of K space. The 
effect is worse for materials 
with shorter T2 values 
and is largely overcome by 
reducing the echospacing 
as much as possible 




1.3.5 

Balanced SSFP (True-FISP, FIESTA, Balanced FFE) 

Versions of this signal-efficient balanced gradient echo 
sequence have been available for some years (Oppelt 
et al. 1986) and used for both neurological and cardiac 
imaging in particular. It was initially developed as a 
fast relatively T2* weighted sequence that worked well 
over small fields of view and which generated good 
bright blood vascular images. The "balanced" nature of 
the sequence avoids the signal instability problems of 
other gradient echo sequences when operated with a 
short TR. In 2D forms, multiple images can be obtained 
within a breath-hold and each image can be obtained 
in less than a second - freezing both bowel peristalsis 
and respiratory motion. The contrast generated is a 
complex function of several parameters including the 
TE, TR, and flip angle as well as the Tl and T2 of the 
materials being imaged. The "balancing" of all the applied 
gradients used in the sequence makes it very efficient and 
therefore ideal for rapid breath-hold imaging, but the 
early versions suffered from banding artifacts related 



systems using higher receiver bandwidths, it is usually 
possible to obtain multiple sections covering a tissue 
volume in a single breath-hold. Where relatively 
short TRs are employed (1.5s or less) with sequen- 
tially acquired contiguous sections, the cross-talk 
leads to incomplete signal recovery - most prominent 
in long Tl materials such as fluid. This is visible as 
reduced fluid signal intensity affecting intraluminal 
signal and contrast in the GI tract as well as in bile 
and urine. This can be overcome by interleaving sec- 
tions in the acquisition order or extending the TR 
when repeated views of the same section are required 
(e.g., using hydrographic techniques as described 
below). These sequences have become widely used 
for breath-hold GI tract imaging, particularly where 
the bowel wall is of interest, e.g., the small and large 
bowel. To freeze bowel peristalsis, the half-Fourier 
forms are widely used as they can easily achieve the 
subsecond acquisitions required. In projection 
hydrographic form, they are also widely used to 
monitor filling or emptying of a portion of the GI 
tract as described below. 
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Fig. 1 .5. bSSFP banding artifacts. Black band artifacts (arrows) 
are present in the subcutaneous fat at the four quadrants of 
this axial image arise from abrupt phase transitions owing to 
phase accumulation related to the magnetic field homogene- 
ity and the repetition time (TR). Apart from reducing the TR, 
most solutions to this problem require acquisition times longer 
than a breath-hold 



Fig. 1.4. bSSFP susceptibility artifacts. A coronal image cov- 
ering the whole abdomen and pelvis in a patient with Crohns 
disease. In the pelvis, the gas-filled sigmoid (asterisk) has cre- 
ated a "signet ring" susceptibility related artifact (arrows) at 
the edges of the bowel, which overlaps the bladder. These arise 
mainly in the frequency direction from the disturbance of the 
magnetic field homogeneity at the tissue-gas interfaces 

to magnetic field inhomogeneity which, in virtually all 
magnet designs, is more noticeable over large fields of 
view - such as those used in GI tract imaging. This 
sequence is also prone to local magnetic field or sus- 
ceptibility artifacts which are particularly common 
at gas-tissue interfaces. Developments over the last 
decade have reduced the so-called "banding" artifacts 
to allow good quality imaging of the GI tract although 
the susceptibility artifacts are more difficult to over- 
come and may lead to misinterpretation unless recog- 
nized (Fig. 1.4). In general terms, the banding artifacts 
(Fig. 1.5) arise from phase accumulation during the 
acquisition. This is a result of using alternating sign 
radiofrequency excitation pulses that maximize the 
SNR. The phase accumulation evolves during the TR 
(so is worse with longer TRs) and is also influenced by 
the heterogeneity and overall strength of the static 
magnetic field. Reducing the artifacts requires a short 
TR as well as good static magnetic field homogeneity, 
along with high quality and stable gradient amplifier 
design and performance. These requirements become 



more demanding at higher field strength and the basis 
of these artifacts and other potential solutions are 
discussed in further detail in Chap. 2. Typically, for GI 
tract imaging this sequence is operated with parame- 
ters providing predominantly T2* contrast so that most 
fluids appear high signal when compared with most 
other soft tissues, which are of intermediate signal. A 
particular advantage of this sequence is the short TE, 
which means that bulk motion in fluid (e.g., within the, 
gut lumen) rarely creates artifacts when compared with 
single-shot RARE-type sequences. Detailed optimiza- 
tion of the parameters for this sequence has been 
described for small bowel imaging with water-based 
contrast media (Gourtsoyiannis et al. 2001). This 
sequence has become very widely used for imaging 
the small bowel and for dynamic imaging and with 
antiperistaltic agents can also be employed effec- 
tively in 3D versions. 

1.3.6 

Spoiled Gradient Echo (FLASH, SPGR, T1 FFE) 

During the late- 1980s and early 1990s, as part of the 
drive to reduce acquisition times to within a breath- 
hold, the conventional simple gradient echo sequences 
were used with short TRs (e.g., 200 ms or less). Initially, 
this did not work well and resulted in unstable steady- 
state transverse magnetization, which created severe 
image artifacts. Although this could be addressed by 
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using "rewinder" gradients between repetitions (this is 
the basis of most "fast" gradient echo sequences with a 
mixture of T2 and Tl weighting) or more carefully bal- 
anced gradient approaches (e.g., bSSFP as described 
above), they proved unsuitable for obtaining a fast 
acquisition with predominantly Tl weighting. This 
problem was eventually solved by the introduction of 
so-called "spoiling" techniques that destroyed any 
"residual" transverse magnetisation after each TR, 
resulting in a relatively Tl weighted image. This was 
achieved successfully either using spoiling gradients 
(FLASH, Turbo-FLASH) or radiofrequency spoiling 
(SPGR, FSPGR). Both these approaches can be used to 
obtain multiple sections within an acceptable breath- 
hold and are very widely available on commercial MRI 
systems. However, they still use a relatively long TR of 
100-200 ms to achieve adequate Tl weighting, which 
means that every image is still acquired over some 
15-20 s depending on the acquisition parameters. This 
means these sequences are only really effective for 
breath-hold GI tract imaging when antiperistaltic 
agents are used. Subsequent refinement of these 
sequences using partial or "fractional" echo methods 
has allowed for shorter echo times with improved slice 
coverage and the ability to acquire multiple echoes 
(Fast SPGR, TurboFLASH). A feature of gradient echo 
sequences is the cyclic variation of water and fat signals 
with echo time and that at particular (field-dependent) 
recurring time intervals the two signals either com- 
bine and are in "in phase" or oppose each other and are 
"out of phase". This feature is widely used to detect the 
presence of water fat mixtures in for example the 
bone marrow or liver parenchyma and the ability of 
the "fast" versions of this sequence to acquire both 
the in and out of phase echo images in the same breath- 
hold. 

The more recent development of interpolated centric 
ordered short TR 3D sequences as described below has 
largely superseded these initial spoiled gradient echo 
version as they are more efficient and generally more 
resistant to breath-hold failures. However, where the 
newer 3D Tlw gradient echo sequences are not avail- 
able, these more conventional 2D Tlw versions provide 
an alternative, particularly for pre- and postintrave- 
nous gadolinium contrast agent based imaging. 

1.3.7 

Breath-Hold Interpolated 3DT1 W 
(VIBE, LAVA, FAME, THRIVE) 

Although 3D Tlw gradient echo sequences have been 
available for some time for MR angiography (MRA) 



and neuroimaging, their application in the abdomen 
and pelvis was limited until the mid-1990s when opti- 
mised sequences were developed (Rofksy et al. 1999). 
Initially, MRA sequences were employed for colonic 
imaging using gadolinium (Luboldt et al. 1997), but 
they were subsequently optimized to provide some 
background tissue contrast rather than the complete 
background suppression desirable for MRA. These 
optimized sequences achieved acceptable spatial reso- 
lution and image quality within a breath-hold and uti- 
lized features from contrast enhanced MR angiography 
sequences, such as centric ordering and fat suppres- 
sion. These help make the imaging less likely to suffer 
from respiratory-related artifacts if, for example, a 
patient cannot maintain a breath-hold throughout the 
whole of an acquisition. In addition they employ both 
in-plane and through-plane volume interpolations to 
further improve image quality. Typically, they are used 
pre- and postintravenous gadolinium administration. 
Utilised at 50-70 s postinjection there is usually good 
enhancement visible in the bowel wall (Fig. 1.6). In the 
last few years, improved multi-echo acquisitions with 




Fig. 1.6. Interpolated 3D Tlw coronal imaging following 
intravenous antiperistaltic (hyoscine bromide) and gadolin- 
ium contrast medium administration during a small bowel 
MR enteroclysis study. The use of fat suppression improves 
the delineation of the normally enhancing small bowel wall 
and folds. This patient with Crohns disease also has clearly 
visible enhancing mesenteric lymph nodes (arrow) 
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Fig. 1.7. Single shot half-Fourier RARE flow void artifacts. 
Two axial images using an effective echo time of 60 ms obtained 
during breath-holding. Note the loss of signal centrally in 
the lumen (arrows) on the thinner section 3 -mm image 

(a) compared with the relatively unaffected 10 -mm image 

(b) . Bulk fluid motion during the echo time results in the 



excited fluid losing signal either by moving out of the image 
section or because the fluid motion causes spin dephasing 
within each voxel. This is less frequently observed in thicker 
sections and with in-plane motion but is exacerbated with 
longer effective echo times such as used in hydrographic 
projections (see Fig. 1.8) 



phase correcting reconstruction algorithms have 
provided the ability to generate both in and out of 
phase images along with separate water and fat images 
for each section of a whole imaging volume within a 
single breath-hold. These approaches can provide 
near-optimal fat suppression (Ma 2004; Reeder et al. 
2005) and improved gradient performance has pro- 
vided other enhancements in image quality. 



1.3.8 

Hydrographic Projection Imaging 

It was appreciated in 1988 that by reversing the phase 
encode order for RARE imaging, it was possible to 
obtain images at very long echo times that empha- 
sized those tissues or materials with a long T2 value 
(Hennig et al. 1986). This is particularly the case for 
fluids and many body fluids have a long T2 value simi- 
lar to water, which allows for their selective imaging 
using this technique. These materials are ideally suited 
to this technique as the slow T2 decay of fluids also 
reduces the recognized problem of spatially frequency 
blurring described above. Hydrographic imaging with 
RARE sequences has a particular limitation in bowel 
imaging related to bulk fluid motion during the long 
readout echo times. If "excited" fluid moves out of the 
slice during the long echo time of an acquisition, then 
a signal void may result that may simulate an intra- 
luminal lesion. This may also occur with relatively 
short effective echo times and if there is in-plane 



motion within the fluid leading to spin dephasing 
within the image voxels (Fig. 1.7). Such signal voids 
are exacerbated by using thin sections perpendicular 
to the direction of motion with long effective echo 
times and conversely can be partially overcome by 
using thick slab imaging. Alternatively, antiperistaltic 
agents will reduce motion in the intraluminal fluid 
and reduce the artifact. Thick slab or "projection" 
imaging of fluids is effective as the signal from other 
background tissues with shorter T2 values decays 
away rapidly leaving just the fluid-filled structures 
visible in the resulting image volume (Laubenberger 
et al. 1995). Such projection hydrographic imaging is 
now used widely in MRCP examinations but has also 
found use in sialography, and renography. This 
approach has become widely used for the GI tract 
and demonstrated in the stomach and colon but has 
beenmainlyutilizedforthesmallbowel(UMSCHADEN 
et al. 2000). Combined with water-based contrast, this 
approach can be used to observe the whole of a bowel 
segment (stomach, small bowel or colon) during fill- 
ing or emptying by repeatedly imaging the same thick 
slab or section encompassing the relevant segment. 
The sub -second acquisitions will freeze the bowel 
motion and if respiratory gated or breath-held allow 
for a dynamic "cine" like display of the filling or emp- 
tying process. A potential disadvantage of repeated 
acquisitions in the same location is the long Tl recov- 
ery time that is required to maintain the SNR. 
Although "fast recovery" techniques can partly 
overcome this (Makki et al. 2002), it means that the 
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Fig. 1 .8. Hydrographic projection images during MR entero- 
clysis obtained with single-shot half-Fourier RARE using 
an effective echo time of 600 ms and a section thickness of 
10 cm. Three images (a-c) at different timepoints in a series 
of 60 obtained during filling of the small bowel. Note how the 
demonstration of the distal ileum (arrowheads) improves as 



the small bowel fills and the movement of the fluid in the 
small bowel slows. No antiperistalstic agents were needed 
as the images are acquired in less than one second. Respira- 
tory gating reduces respiratory artifact and misregistration 
allowing the sequence to be viewed as a "cine" to aid detec- 
tion of abnormal small bowel 



sequential images often need to be at least several sec- 
onds and more optimally at 6-10 s intervals to 
allow good signal recovery. Even at this slow fre- 
quency diagnostic, quality images of the bowel 
can be relatively easily obtained (Fig. 1.8) and 
used not just to monitor filling or emptying but 
directly for diagnosis. 

1.3.9 

Fat Suppression 

Effective fat suppression is used in several situations 
for GI tract imaging, in particular pre- and post- 
gadolinium Tlw sequences and also when detecting 
fluid tracks and fistulae in the perineum with T2w 
imaging. There are two main strategies for achiev- 
ing fat suppression, spectral methods, and inversion 
recovery methods and these are also combined in 
some sequences. Spectral fat suppression relies upon 
the difference in resonant frequency between water 
and fat (typically 220 Hz at 1.5 T) and the use of 
"spectrally selective" radiofrequency excitation 
pulses. This approach is very specific but prone to 
artifacts resulting from static field inhomogeneity 
(so the effect is often uneven over large fields of 
view) and at lower field strength requires very good 
RF pulse design to achieve sufficient "selectivity." It 
has the advantage of being relatively easy to add to 
many sequences as a preparation phase so that add- 



ing fat suppression is a relatively simple change for 
clinical protocols as and when needed. Immediately 
before the main acquisition, a frequency-selective 
RF pulse excites just the lipid protons creating sig- 
nal in the transverse plane, which is then immedi- 
ately destroyed using "killer" gradients. The main 
acquisition then proceeds as normal but there are 
only water protons left to excite - resulting in 
reduced fat signal in the resulting images. Inversion 
methods rely on the short Tl value of lipid and work 
by inverting the initial longitudinal magnetisation 
of the lipid to a negative value and waiting (the 
inversion time TI) for it to return to zero (the null 
point). At that specific moment in time, the "read- 
out" part of the sequence is applied so that no signal 
is returned from the short Tl fat. This method gives 
very good even fat suppression but can be mislead- 
ing particularly in the presence of met-hemoglobin, 
which also has a short Tl value. Therefore, occasion- 
ally the products of hemorrhage can be misinter- 
preted as fat. STIR (short tau inversion reovery) 
sequences are based on this inversion approach and 
demonstrate T2-like contrast although they are pre- 
dominantly Tlw sequences. This is because all the 
water proton signals are also inverted and are read- 
out when still "negative" so that short Tl materials 
produce a lower signal than long Tl materials - the 
reverse of normal Tlw images. This constraint of 
fixing the inversion time to the Tl of fat also reduces 
the overall SNR in the sequence, although this can 
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partly be offset by integrating the inversion approach 
with a RARE sequence creating a fast or turbo STIR 
sequence. Various combinations of spectral and 
inversion time approaches have been used to try and 
combine the best features of each approach. Fast3D 
Tlw gradient echo sequences, discussed above, often 
use a combined approach for fat suppression. This is 
because of the need for a short TR that does not 
allow sufficient time for a long inversion time or for 
increasing the RF power burden. Typically, a spec- 
trally selectively pulse inverts the lipid signals for 
several repetitions (and lines of K space) with the 
echoes obtained at the optimal inversion time for fat 
suppression being placed at the centre of K space for 
maximum fat suppression effect. 

1.3.10 

Dynamic Acquisition 

X-ray fluoroscopy is widely used for GI examinations 
to evaluate dynamic physiological events such as 
swallowing, gastric emptying, small bowel peristal- 
sis, and defecation. In addition, this is frequently 
combined with the use of contrast medium and pos- 
ture changes to improve the delineation of a particu- 
lar region, e.g., small bowel to detect subtle strictures. 
MRI system vendors have yet to develop a fully inte- 
grated approach that allows for equivalent in-room 
control, display, and data acquisition combined with 
postural changes for GI tract imaging. Decubitus 
views are possible but often difficult owing to the 
presence of surface coil arrays attached to the patient, 
which in some cases cannot be rotated. 

In the meantime, several approaches have been 
proposed to try and obtain similar information 
using predominantly the breathing-independent 
sequences SSFP and single-shot half-Fourier RARE. 
These strategies an be implemented using most 
modern systems and although they lack the flexibil- 
ity of a truly interactive fluoroscopy system they 
allow observation of function and in the small 
bowel allow improved evaluation of strictures and 
their distensibility. 

As described in hydrographic imaging above, it is 
possible to obtain relatively slow (2-10 s intervals) 
"dynamic" imaging of small bowel filling or gastric 
emptying by repeatedly acquiring images in the 
same fixed location. This approach can be speeded 
up by using short effective TE single shot half- Fourier 
RARE methods with thinner section to image mate- 
rials with faster recovery time, e.g., to allow visual- 



ization of the bowel wall. Although versions that can 
image at 3-5 frames per second have been devel- 
oped, the short TRs lead to loss of contrast from flu- 
ids but they may still be useful, for example, in 
functional imaging of the pelvic floor during strain- 
ing (Fletcher et al. 2003). 

bSSFP sequences have proven more promising 
for dynamic imaging using water-based contrast 
agents as they have a short enough TE/TR to freeze 
the majority of motion within the bowel lumen and 
can be used to image serially in the same location 
without significantly degrading the SNR. These 
sequences have been widely used in "cine" form for 
cardiac imaging and adapted by several groups for 
GI tract imaging. Two main approaches have been 
used with standard clinical MRI systems, first a 
breathing-independent cine acquisition, which typ- 
ically acquires sequential images at a single loca- 
tion. Second, multisection multiphase acquisitions 
can be obtained during sequential breath-holds 
(Fig. 1.9). These stacks of images obtained at the 
same location can then be resorted to generate 
"cine" like multiphase imaging at each location. In 
both cases, the advantage is the ability to observe 
the bowel at different phases of peristalsis, which 
can be helpful for both confirming the diagnosis of 
a stricture and evaluating its severity. This is a dif- 
ficult area to evaluate technically in terms of the 
impact on diagnosis but several recent papers have 
indicated the value of emulating traditional X-ray 
"fluoroscopic" approaches (Buhmann-Kirchhoff 
et al. 2008). 

Although most modern MRI systems offer some 
sort of interactive interface, none of these offer the 
sort of integration required to provide the ease of 
use familiar to users of X-ray fluoroscopy tables. 
Several research groups working on interventional 
MRI systems have adapted the capabilities of exist- 
ing MRI systems to allow for varying degrees of 
interactivity, particularly navigation of an imaging 
plane through a 3D volume in real-time and simul- 
taneous manipulation of several contrast parame- 
ters (Makki et al. 2002; Graves et al. 2009) . Improved 
MR system architectures are required to allow for 
real-time switching of parameters and for appropri- 
ately responsive methods of controlling the MR sys- 
tem during a GI tract examination. These techniques 
may in the future allow for the real exploitation of 
some of the advantages of MRI, which can image in 
any plane and deploy a wide range of soft tissue 
contrast valuable for detecting GI tract pathology. 
The potential to make an MRI system operate more 
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Fig. 1.9. Multiphase, multisection bSSFP dynamic imaging 
during MR enteroclysis. Ten sequential stacks of 2D bSSFP 
were acquired coronally covering the small bowel using sep- 
arate breath-holds immediately after the contrast medium 
reached the terminal ileum. These can then be reordered to 



allow scrolling through the ten images acquired at the same 
location but at different phases of peristalsis. The two im- 
ages displayed demonstrate the variation in lumen size in an 
affected terminal ileum (arrows) that can be demonstrated 
using this "pseudo-cine" approach 



like a real-time ultrasound system (Holsinger 
1999) is becoming more feasible as the computing 
power and MR system designs evolve. 

1.3.11 

Diffusion-Weighted Imaging 

Diffusion is the random motion of molecules within 
a medium and, in the presence of a magnetic field 
gradient, the diffusion of water molecules will accel- 
erate the dephasing of their proton spins. In biologi- 
cal tissues, diffusion may occur equally in all 
directions (isotropic diffusion) or vary with direc- 
tion (anisotropic diffusion) for example in neurons. 
Rapid diffusion leads to rapid spin dephasing and a 
measurable signal loss. This effect occurs with virtu- 
ally all MRI sequences but is often negligible or 
masked by other effects. It is possible to increase the 
effect by applying bipolar sensitizing gradients in 
one or more directions of interest. These sensitising 
gradients can be added to a wide range of sequences 



but in clinical practice are most widely used with 
spin-echo prepared single shot echoplanar imaging. 
This is to ensure a very fast acquisition that is rela- 
tively insensitive to other motion, particularly "bulk" 
tissue motion (related to breathing, etc.), which 
could mask the diffusion effect. At body tempera- 
tures, free water protons will diffuse approximately 
30 |um in 50 ms, which in biological tissues is larger 
than most cell diameters. In body tissues cellular 
structure, adjacent organelles, and both intracellular 
and extracellular molecules will all effectively restrict 
the motion of water molecules in vivo although this 
process is still not fully understood. The size of the 
bipolar gradients can be varied to influence the sen- 
sitivity to motion and these are expressed as "b" val- 
ues. The analysis of images based on several of these 
values generates the apparent diffusion coefficient 
that is often "mapped" onto structural imaging. 
Widely used in the brain for detecting early strokes 
and tracking neuronal fibre tracts, this concept is 
increasingly being used in body imaging. At low "b" 
values, the effects of tissue perfusion influence the 
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analysis and it is also clear that materials with a long 
T2 value may create artifacts owing to a "shine 
through" effect. There has been particular oncologi- 
cal interest in the use of this technique not only to 
improve the detection and characterization of lesions 
but also as a biomarker in solid tumors for early 
detection of treatment response and this is an area 
of active research. See chapter 4 for more details. 



1.3.12 

Perfusion Imaging 

Perfusion imaging with MRI has been mainly used 
for evaluating brain pathologies and, to a lesser 
extent, tumors in a range of body organs. The 
majority of methods use a similar approach to 
CT-based perfusion methods using analysis of the 
first pass of an injected intravenous bolus of a con- 
trast agent. Gadolinium media are commonly used, 
but unlike CT, the relationship between MRI signal 
and concentration of contrast agent is nonlinear. 
This factor along with several other variables means 
this technique needs very careful attention to detail 
if repeatable and reliable results are to be obtained. 
Several different Tlw acquisition methods have 
been used, initially with standard SPGR and FSPGR 
sequences outlined above. To increase temporal 
resolution and acquire images fast enough to accu- 
rately sample the variation of contrast medium 
concentrations, short TR sequences with "satura- 
tion" or inversion preparation pulses have been 
developed. In addition, the baseline Tl values of the 
tissues or fluids being measured have to be initially 
determined to derive accurate estimates of the con- 
trast medium concentrations. Most published work 
has used multicompartment pharmacokinetic 
models to derive several perfusion-related param- 
eters used to characterize perfusion in soft tissues. 
Complexities arise from the requirement for an 
arterial input function and typically the need to 
estimate both a high concentration arterial input 
and a lower concentration tissue value. Much of the 
work relating to the GI tract has used qualitative 
evaluation of enhancement for evaluating mural 
perfusion changes, for example in Crohns disease. 
More recently, in solid GI tract tumors, perfusion 
techniques have been investigated using more for- 
mal quantification for tumor characterization and 
as a potential prognosis and treatment response 
marker. Several national and international groups 
are working on standardizing these techniques so 



that they can be applied reliably and repeatably 
across different vendor platforms and institutions 
(Table 1.1). See chapter 4 for more details. 



1.4 



Techniques 
1.4.1 

Requirements 

Virtually, all current techniques rely on an intra- 
luminal contrast medium to improve the delineation 
of the bowel wall, lumen and extraluminal tissues. 
The passage of a "bolus" of contrast medium is often 
diagnostically valuable in demonstrating that nor- 
mal distension of the relevant segment of the GI 
tract can be achieved. These requirements are of 
course identical to the demands for conventional 
X-ray contrast radiography and not surprisingly 
many of the MR-based techniques parallel earlier 
X-ray-based approaches. Both negative and positive 
contrast intraluminal media have been employed for 
GI imaging (Wesbey 1985; Lomas 1999). Although 
initially short Tl (positive) contrast media were 
demonstrated with Tlw imaging usually with fat 
saturation, more recently negative contrast media 
have been used combined with intravenous gado- 
linium to generate the contrast between enhancing 
bowel wall and dark lumen. Both negative (e.g., gas) 
and positive (e.g., water-based media) have been 
used with proton density and T2w imaging 
sequences. These media and their applications are 
discussed in more detail in Chap. 3. The role of intra- 
venous gadolinium varies with technique but in 
general has been used to help identify mural lesions, 
wall thickening and focal collections - in a similar 
fashion to CT and iodinated contrast medium. 

It should be noted that currently MRI is primar- 
ily used to detect chronic GI tract pathology - con- 
ditions such as malignancy and inflammatory bowel 
disease. Multidetector CT dominates the diagnosis 
of acute GI tract conditions such as perforation, 
intestinal obstruction and intra-abdominal collec- 
tions. As MRI techniques improve, this balance is 
expected to shift in future years (see Chap. 17) and 
this will influence the optimal techniques used for 
imaging the GI tract. A brief introduction to the key 
aspects of technique in relation to the different parts 
of the GI tract follows. Subsequent chapters will 
address these issues in further detail. 
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1.4.2 

Pharynx and Esophagus 

Structural imaging of the oropharynx is often con- 
sidered part of neuroradiology, whereas the func- 
tional imaging of deglutition is part of the GI tract. 
The diagnostic imaging of swallowing abnormali- 
ties is currently an area where MRI is currently 
unable to provide adequate temporal and spatial 
resolution to detect the subtle structural (esopha- 
geal webs) and functional abnormalities that can 
arise. X-ray video fluoroscopy using 25-50 frames 
per second acquisition is still required (Kendall 
et al. 2000), although palatal function related to pho- 
nation and sleep apnoea has been evaluated success- 
fully with MRI. 

The esophagus is frequently imaged using con- 
ventional sequences for demonstration of mural 
lesions such as tumors. There has been relatively lit- 
tle literature on dynamic evaluation of oesophageal 
function. Although the temporal resolution is less 
critical than for the oro -pharynx, this is still a chal- 
lenging area as the anatomy of the esophagus makes 
it difficult to achieve complete coverage without 
using thick sections. Projection imaging would seem 
appropriate but the RARE-based approaches using 
hydrographic techniques are generally too slow to 
reliably capture a contrast bolus passing through the 
lumen. Cine bSSFP methods are fast enough 
(Barkhausen et al. 2002), but demand very accurate 
positioning and therefore often require multiple 
acquisitions to achieve good coverage. Functional 
assessment is also limited by the fact that swallowing 
has to be performed in a prone or supine position 
rather than the more desirable erect position. 

1.4.3 
Stomach 

Gastric imaging for tumors has been achieved using 
rapid breath-hold acquisitions as well as more con- 
ventional sequences that are often acquired to evalu- 
ate the adjacent organs such as the liver. Gastric 
function was described and evaluated in the 1980s 
using echoplanar-based sequences and then again in 
the 1990s using both RARE (Bilecen et al. 2000) 
and bSSFP approaches. 2D and 3D strategies for 
evaluating gastric function and emptying have been 
described and gastric peristalsis is generally slow 
enough to permit successful imaging with either 
technique. 



1.4.4 

Small Bowel 

Small bowel imaging with MRI developed initially 
with water-based methods and both oral and naso- 
jejunal tube delivery of contrast media. Filling is 
well demonstrated using a hydrographic approach 
and many groups use antiperistaltics when the 
small bowel is filled to allow for 3D breath-hold 
imaging with both spatially interpolated bSSFP and 
Tlw sequences the latter pre- and postintravenous 
gadolinium. A more functional assessment can be 
obtained acquiring multisection multiphase 2D 
imaging when the small bowel is almost completely 
filled. These images then provide the option of 
sequential viewing at each sectional level to evalu- 
ate the peristalsis and distension of different loops 
of bowel. In future, the ability to rapidly switch the 
imaging capability from hydrographic imaging to 
bSSFP and navigate to a bowel loop of interest may 
become feasible but currently the majority of MR 
systems do not provide this capability in a respon- 
sive enough fashion to be clinically useful. 



1.4.5 
Colon 

MRI of the large bowel has been demonstrated success- 
fully with both gas and fluid contrast media and in 
general RARE-type sequences have been used to observe 
and confirm filling, followed by an antiperistaltic agent 
and breath-hold imaging most commonly with pre- 
and postgadolinium-enhanced 3D Tlw sequences. In 
common with CT colonography, a variety of tagging 
strategies have been investigated to reduce or avoid the 
burden of preprocedure bowel cleansing. Although 
MRI has several potential advantages over CT, particu- 
larly the lack of ionizing radiation, the overall perfor- 
mance has not improved on CT and the examinations 
currently take longer and are less easy to perform than 
CT. Future developments using specific contrast media 
may make MR colonography a more practical proposi- 
tion for widespread clinical use. 



1.4.6 

Rectum and Anus 

Structural rectal imaging has been optimized for 
demonstrating tumor in relation to the rectal wall 
and the surgically important surroundingmeso-rectal 
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fat and related fascial planes. In this region, respira- 
tory, vascular and peristaltic artifacts are much less 
likely and the techniques are optimised using longer 
acquisition times and conventional multishot RARE 
imaging to achieve high spatial resolution imaging. 
In general, moderately T2w imaging is used to dis- 
criminate tumor from the adjacent smooth muscle 
with thin sections where possible, perpendicular to 
the axis of the involved rectum. Although there have 
been advocates of specific intraluminal contrast 
media, these have not gained wide acceptance. Perineal 
imaging for fistula and ischio-anal fossa abnormali- 
ties is well established and most sites rely on fat sup- 
pressed thin section T2w imaging in multiple planes 
but particularly axial and coronal planes. T2w imag- 
ing without fat suppression allows good evaluation of 
the normal anatomical structures such as the anal 
sphincter muscles. There are advocates of both 
matched unenhanced and/or enhanced Tlw imaging 
for improving the delineation of abscesses and con- 
firming the presence and location of inflamed fistula 
tracks. Endoanal coils have been used and can be 
helpful in patients with (cryptoglandular) fistula-in- 
ano and in fecal incontinence. Functional imaging of 
the pelvic floor during straining and defecation has 
been achieved using a range of media such as ultra- 
sound gel as a water-based agent with both sequential 
T2w single-shot RARE or bSSFP techniques for 
observation. 
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KEY POINTS 



High-field imaging of the GI tract at 3 T can be very 
attractive in terms of signal to noise ratio (SNR) 
when compared with 1 .5 T imaging. However, several 
issues need to be addressed and a direct transition of 
sequences used at 1.5-3 T is not possible. The main 
constraints in 3 T imaging are related to changes in 
tissue Tl and T2 relaxation parameters, susceptibil- 
ity artifacts, changes in efficiency of contrast agents, 
chemical shift artifacts, Bl-inhomogeneity artifacts, 
specific absorption rate (SAR) limitations, and 
steady-state free precession (SSFP) banding artifacts. 
In general, a careful adjustment of sequence param- 
eters is needed to avoid these artifacts. The use of 
parallel imaging techniques is more beneficial at 3 T 
when compared with 1.5 T because by reducing scan 
time SAR problems often present at 3T can be 
avoided. For reducing Bl-inhomogeneity, hardware 
adjustments are needed. Banding artifacts generated 
in SSFP-sequences pose a severe limitation to the 
clinical use of these sequences. Though methods 
exist to overcome this problem, a satisfactory solu- 
tion has not been proposed so far. 



Aart J. Nederveen, PhD 
Sonia I. Goncalves, PhD 

Department of Radiology, Academic Medical Center, Amsterdam, 
The Netherlands 



2.1 



Principal Problem of High-Field MRI 

The use of high-field whole-body MRI systems, i.e. 3 
Tesla (T) MRI scanners, has become increasingly pop- 
ular since its introduction in the beginning of the 
2000s decade. The clinical applications range from 
brain to musculoskeletal imaging (Barth et al. 2007). 
However, several different problems are associated 
with imaging at 3T and a direct transition from 1.5 to 
3T is not possible. In particular, aspects related to 
pulse sequence design, such as timings, radiofrequency 
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pulses, and specific absorption rate (SAR) issues have 
to be considered when imaging at 3 T. Furthermore, 
experience gained, for example, in imaging the brain 
at 3 T does not necessarily apply to improved abdomi- 
nal imaging (Hussain et al. 2005; Merkle et al. 2006; 
Merkle and Dale 2006; Patak et al. 2007;Schindera 
et al. 2006). This is because many of the problems that 
are associated with imaging at 3 T are region-specific. 
The main constraints in 3T imaging are related to 
changes in tissue Tl and T2 relaxation parameters, 
susceptibility artifacts, changes in efficiency of con- 
trast agents, chemical shift artifacts, B 1 -inhomogeneity 
artifacts, SAR limitations, and steady-state free preces- 
sion (SSFP) banding artifacts. 

2.1.1 

Tissue Relaxation Rates 

Several studies (Bazelaire et al. 2004; Stanisz et al. 
2005) on the variation of Tl and T2 relaxation param- 
eters at 3T showed that the longitudinal relaxation 
parameter Tl, increases with magnetic field strength by 
sometimes as much as 38% for liver tissue (Bazelaire 
et al. 2004) or 62% in gray matter. However, the range of 
parameter variation among different studies may be 
quite wide because of the dependence on the Tl and T2 
measuring methods. The increase in Larmor frequency 
from 64 MHz at 1.5 T to 128 MHz at 3T causes an effi- 
ciency decrease in the energy transfer between spins 
and lattice, thus causing the increase in Tl values at 3 T 
(Bazelaire et al. 2004). In addition to the absolute 
changes in Tl, the relative differences in Tl parameters 
among different tissues, change from 1.5 to 3T. This 
causes an additional confounding effect when compar- 
ing Tl -weighted images obtained at 1.5 and 3T using 
the same contrast parameters such as time to repeat 
(TR). Because of the aforementioned differences, the 
contrast in both sets of images will not be comparable. 

The transverse relaxation parameter T2 has been 
reported by several studies (Bottomley et al. 1984; 
Stanisz et al. 2005) to be essentially independent of 
the magnetic field strength. However, the study of 
Bazelaire et al. (2004), where Tl and T2 measure- 
ments were performed in vivo, reported a decrease in 
T2 values of the order of 8%. This decrease might be 
partially explained by the diffusion of water molecules 
in the neighborhood of paramagnetic molecules such 
as hemoglobin in deoxygenated blood. The spins in 
water molecules experience small local field inhomo- 
geneties in the vicinity of these molecules and as a con- 
sequence, a shortening of T2 is observed. These effects, 



though small, tend to increase with field strength and 
therefore it is very likely that they become visible at 3 T 
while at 1.5 T they remain essentially unnoticed. 

The change in Tl and T2 relaxation parameters at 
3 T implies the decrease of Tl contrast in Tl -weighted 
images or the decrease in the signal-to-noise ratio 
(SNR) of T2-weigthed images, if time to echo (TE) 
and TR parameters are used that are identical to the 
ones used at 1.5 T. 

A greater additional source of concern at 3 T is the 
change in the T2* relaxation value. At high field, the 
sphere of homogeneity (Vlaardingerbroek et al. 
1999) of the magnetic field is smaller. This, together with 
increased difficulties in shimming and increased tissue 
susceptibility effects cause a significant decrease in T2*, 
which becomes apparent in gradient-echo sequences, in 
general, and in SSFP sequences, in particular, where the 
contrast is weighed by T1IT2 ratio (see Sect. 2.1.7) and 
also by magnetic field inhomogeneities through T2*. 

2.1.2 

Susceptibility 

The magnetic susceptibility of a substance can be 
defined as its ability to become magnetized in 
response to an external magnetic field. In the vicinity 
of interfaces between tissues with different suscepti- 
bilities (e.g., air-soft tissue and bone-soft tissue inter- 
faces), there are micro -variations in the magnetic 
field, which cause among others, in-plane image dis- 
tortion, localized areas of high and low intensity, as 
well as localized signal drops due to local shortening 
of T2\ This series of image artifacts are referred to as 
tissue susceptibility artifacts and they increase with 
field strength (Bernstein et al. 2006; Soher et al. 
2007). In practice, they are found in gas-filled bowel, 
since the susceptibility of air is much lower than that 
of soft-tissue, or near metallic implants since the sus- 
ceptibility of metal is much higher than that of tissue. 
The effects of the field variations introduced by inter- 
faces between tissues with different susceptibilities 
depend, however, on the type of sequence. Thus, 
echo-planar imaging (EPI), which consists of acquir- 
ing several gradient echoes in each TR, each of these 
echoes corresponding to a different phase encoding 
step, suffers much more from susceptibility artifacts 
than fast gradient-echo imaging sequences. In addi- 
tion, the effects of susceptibility artifacts on magne- 
tization preparation prepulses such as inversion 
recovery or fat saturation can cause a decrease in the 
efficiency of these prepulses because the spins 
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affected by the local field inhomogeneities may fail to 
be tipped by the prepulse. 

2.1.3 

Contrast Agents 

The action of contrast agents also changes with increas- 
ing field strength because not only the tissue relaxation 
times but also the relaxivity R of the contrast agent 
changes. The effect of the contrast agent in the Tl relax- 
ation parameter of a given tissue is given by (Bernstein 
et al. 2006; Soher et al. 2007): 

— = — + RC, (2.1) 

where 

T 1 c is the longitudinal relaxation in the presence 
of a concentration C of contrast agent; 
T 1 is the longitudinal relaxation in the absence of 
contrast agent. 

For chelated gadolinium contrast agents, there is 
only a decrease of 5-10% in relaxivity when going 
from 1.5 to 3T. When compared with the variations 
observed in Tl parameters, the relaxivity variation is 
very small. This implies that for the same contrast 
concentration C, the relative change in Tl parameters 
is larger at 3 T because the term II T 1 is smaller. When 
comparing images obtained at 1.5 and 3T using the 
same contrast concentration, the image obtained at 
3 T shows more contrast difference, which means that 
less contrast has to be administered at 3 T to obtain 
images equivalent to those obtained at 1.5 T. An addi- 
tional important point is that the increase in contrast 
effectiveness at 3 T should be considered when clini- 
cally evaluating images and increased contrast in cer- 
tain areas should not be interpreted as pathological. 

Another category of contrast agents are the super- 
paramagnetic iron oxides (SPIOs) and ultra small 
superparamagnetic iron oxides (USPIOs). These types 
of contrast agents are composed of ferrites consisting 
of magnemite and magnetite (Fe 2 0 3 , Fe 3 0 4 ), which 
show superparamagnetic behavior (Corot et al. 2006). 
They have been introduced for hepatic imaging and 
are nowadays extensively used not only in liver stud- 
ies but also in molecular imaging (Bulte and 
Kraitchman 2004). The effect of (U)SPIOs on Tl 
image contrast is similar to that described in (2.1) for 
chelated gadolinium contrast agents with the differ- 
ence that the relaxivity of (U) SPIOs is higher and is 



dependent on the aggregation of the contrast agent. 
However, the principal effect of (U)SPIO > s is T2* 
effect, i.e. the strong decrease of TT due to the mag- 
netization difference between different voxels within 
the image, which results from the inhomogeneous dis- 
tribution of the contrast agent. This magnetization 
difference becomes important for (U)SPIOs due to the 
high magnetic susceptibility of iron oxide. At higher 
field strengths, the TT effect increases due to higher 
intra- voxel dephasing, which implies that the use of 
(U)SPIOs is more efficient at 3 T than at 1.5 T. 



2.1.4 

Chemical Shift Artifacts 

The chemical shift artifacts occur due to the differ- 
ence in the resonance frequencies of H 1 spins in water 
and fat molecules and they are divided into chemical 
shift artifacts of the first and second kinds. Chemical 
shift artifacts of the first kind originate directly from 
the difference in precession frequencies, estimated to 
be approximately equal to 3.5 ppm (Soher et al. 2007), 
and they occur along the frequency encoding and slice 
selection directions. The difference in resonance fre- 
quencies is directly proportional to the field strength 
and therefore this type of artifact becomes more prob- 
lematic at 3 T where the frequency difference is equal 
to 440 Hz. The chemical shift causes a misregistration 
of fat, which appears as a dark band toward the lower 
part of the readout gradient field and as a bright band 
toward the higher part of the readout gradient field. 
Such artifact can be easily seen around the kidneys 
but is also present at the boundary of the GI tract and 
it can occupy from one to several pixels in the image. 
At 3 T the width of these bands doubles, which means 
that at a constant field of view (FOV) and spatial reso- 
lution, the receiver bandwidth must be doubled in 
order to reduce the artifacts to a size compared with 
those obtained at 1 .5 T. This bandwidth increase comes 
at the expense of a decrease in the signal-to-noise 
ratio (SNR) by approximately 30% (Haacke et al. 
1999). In clinical practice, however, this type of arti- 
fact is not very problematic and therefore the noise 
considerations associated with RF pulse bandwidth 
broadening rarely have to be considered. 

The chemical shift artifact of the second type 
results from the intravoxel phase cancellation during 
readout originated by the presence of water and fat 
molecules in the same voxel. Contrary to the chemi- 
cal shift of the first kind, it can be seen along all vox- 
els in a fat-water interface and is therefore not 
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restricted to the frequency encoding direction. The 
size of this type of artifact does not change with field 
strength but the echo times have to be adjusted when 
imaging at 3 T in order to account for the higher 
resonance frequency, which causes the water and fat 
spins to appear in and out-of-phase at different 
moments when compared with what happens at 1 .5 T. 
In the 3 T case, the spins appear in-phase at 2.2 + i x 
2.2 ms and out-of-phase at 1.1 + i x 2.2 ms, where i is 
an integer larger or equal than 1, whereas at 1.5 T the 
spins appear out-of-phase at 2.2 + i x 4.4 ms. Thus, in 
order to capture in-phase or out-of-phase images at 
3 T, the echo times have to be halved. 

2.1.5 

B1 -inhomogeneity Artifacts 

Contrary to chemical shift or susceptibility artifacts, 
which exist both in 1.5 and 3 T and only become more 
apparent at 3 T because of the increased SNR, there 
are other artifacts such as Bl inhomogeneity and 
standing wave artifacts, which are specific of high 
field strength MRI. The increase in field strength is 
associated with an increase in resonance frequency, 
which implies a concomitant increase in the RF pulse 
frequency. This frequency change caused various 
technical problems related to coil design (Duensing 
and Fitzsimmons 2006), which had to be optimized 
to achieve a homogeneous Bl field. Bl field homoge- 
neity is crucial for T2-weigthed pulse sequences such 
as turbo spin echo (TSE) images and artifacts due to 
Bl inhomogeneities often arise in images obtained 
with these protocols (Schick et al. 2005). 

Another problem inherent to the higher frequency 
of the RF pulse is the shortening of Bl wavelength. The 
high dielectric constant of tissue (water) causes the Bl 
wavelength to decrease from 234 cm in free space to 
approximately 30 cm in the body. The latter is of the 
order of magnitude of the field of view (FOV) of many 
body imaging protocols and therefore artifacts result- 
ing from the generation of standing waves within the 
FOV can occur. These artifacts consist of strong signal 
variations across the image where areas of high signal 
intensity occur where there is constructive interference 
and areas of signal drop coincide with areas of destruc- 
tive interference. These artifacts become more pro- 
nounced in larger areas of the body and, therefore, 
imaging of the abdomen can particularly be affected 
by this type of artifact. One solution to this problem lies 
in improving coil design and RF transmission (Alsop 
et al. 1998; Tomanek et al. 1997; Vaughan et al. 2004). 
Examples of such solutions are the combination of 



several RF transmit coils whereby the phase and ampli- 
tude of the signal emitted by each coil are adjusted to 
obtain an homogeneous Bl field (Thesen et al. 2003) 
or by parallel RF transmission (Katscher et al. 2006). 
An additional possibility is to obtain a homogeneous 
Bl field by means of passive coupling of coils (Schmitt 
et al. 2005). In the latter solution, the current induced in 
a local coil during excitation is used to improve the 
homogeneity of the Bl field. Another type of solution is 
to place a cushion of dielectric material over the region 
to be imaged to avoid the generation of standing wave 
interference patterns. The cushion is made of a gel with 
a high dielectric constant mixed with gadolinium in 
order to suppress the signal from the gel itself. 

Conductivity effects also tend to increase Bl field 
inhomogeneity. These effects happen in the neighbor- 
hood of highly conductive tissue such as ascites where 
current is induced by the rapidly changing RF field. 
The induced current tends to oppose the RF field, 
therefore causing local signal drops in the image. 

Figure 2. 1 illustrates the effect of B 1 -inhomogeneity 
in the abdomen. In healthy volunteer (panel A), only 
a small effect can sometimes be visible (see arrow), 
whereas in a patient with liver cirrhosis, portal hyper- 
tension, and ascites (panel B), the effect can be much 
larger because of the shielding effect of fluids, mak- 
ing the entire image useless. In the panels C and D, 
the result of Bl -shimming using multitransmit paral- 
lel RF transmission is shown. 



2.1.6 

SAR Limitations 

Specific absorption rate (SAR) is a measure of the 
energy deposition in the human body and at 3 T, limita- 
tions in this parameter play an important role. 
Quantitatively, the SAR is given by: 



SAR = 



TR 



o\E\ 
~2p 



(2.2) 



where 

T is the RF pulse duration; 

TR is the sequence repetition time; 

AT p is the number of pulses; 

N s is the number of slices; 

a and p are tissue conductivity and density, 
respectively; 

|£| is the amplitude of the induced electric field 
within the tissue. 

This second equation shows that if the main field 
is increased from 1.5 to 3 T and all other parameters 
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Fig. 2.1. Illustration of the effect of Bl-inhomogeneity in the 
abdomen (courtesy Bonn University, Germany and Philips 
Medical Systems, Best, The Netherlands). A normal liver is vi- 
sualized in (a) with Bl-inhomogeneity indicated by an arrow. 
(c) Shows a patient with liver cirrhosis, portal hypertension, 



and ascites. Here, the effect can be much larger due to the 
shielding effect of fluids, making the entire image useless, 
(b and d) Show the effect of Bl-shimming using parallel RF 
transmission (multitransmit) 



remain constant, then the SAR increases by a factor 
of 4. This can potentially cause an increase in tissue 
temperature, which has to be taken in consideration 
in safety issues of pulse sequence design at 3 T to 
keep the temperature increase below 1°C. Thus, SAR 
aspects frequently introduce limitations in the use of 
sequences such as spin echo (SE) or balanced SSFP 
(Scheffler and Lehnhardt 2003) that often work close 
to SAR limits. 



2.1.7 

SSFP Banding Artifacts 

Pulse sequences falling under the classification of 
balanced (b-)SSFP sequences such as b-FFE (balanced 
fast field echo), True-FISP (fast imaging with steady- 
state precession), and FIESTA (fast imaging employ- 
ing steady-state acquisition) have become popular in 



the last years. They belong to the class of rapid gradi- 
ent-echo sequences where in each TR, the magnetiza- 
tion reaches the same state thus implying that the 
signal is acquired in steady state, this process having 
been described for the first time by Carr (1958) as 
SSFP. In a given TR, the RF pulse rotates the magneti- 
zation by a given angle 6 and in the course of TR, the 
magnetization will undergo longitudinal and trans- 
verse relaxation. Furthermore, the transverse magne- 
tization will experience a certain amount of (spatially 
dependent) dephasing /3 due to the applied gradients 
and magnetic field inhomogeneities. After a number 
of TRs typically equal to 5 x T1ITR, the magnetiza- 
tion reaches a steady state. 

In addition to b-SSFP sequences, the most impor- 
tant steady-state sequences (Chavhan et al. 2008) are 
Tl-FFE (FLASH, SPGR) and T2-FFE (PSIF, SSFP) and 
they differ in the type of gradient switching pattern 
that determines the amount of dephasing in each TR, 
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which characterizes the type of steady state that is 
reached and results in different types of contrast. In 
quantitative terms, the amount of dephasing in each 
TR is given by: 

P (r,TR) = ydB 0 (r)TR + 7 r • {™G(f)df, ( 2 . 3 ) 
where 

yis the gyromagnetic ratio; 

8B 0 (r) is the magnetic field inhomogeneity at 
position (r) ; 

G(f) is the applied gradient at time instant t. 

From all SSFP sequences, b-SSFP has special inter- 
est because of the much higher signal that is obtained 
even at very short TRs (smaller than 10 ms) when 
compared with Tl -FFE or T2-FFE (Haacke et al. 
1999). The difference of b-SSFP with respect to 
Tl -FFE and T2-FFE is that the gradients are fully 
balanced in each TR. This implies that the amount of 
dephasing in each TR is only dependent on the mag- 
netic field inhomogeneities since the second term of 
the right-hand side of (2.2) is zero. A direct conse- 
quence of this is that b-SSFP is insensitive to (con- 
stant velocity) flow (Vlaardingerbroek and Den 
Boer 1999). 

Let us consider for simplification that the first RF 
pulse in the b-SSFP sequence is applied in a situation 
of thermal equilibrium. This implies that M 0 = M Q z 
and under these circumstances the steady-state mag- 
netization M ss at the end of each TR is: 

M^l-E^Rsine r? X 

M ss = ° V f 2 ^l-2E 2 cos/3+El) , 

(2.4) 

where 

TR TR 

E Y -e^, E 2 = e™; 
0 is the flip angle; 

P is the dephasing caused by the resonance offset 
as given in (2.3); 
d is denned as 

d=(l-E l cos6) (l-E 2 cosp)-E 2 (E r cos6) (E -cos/3). 

(2.5) 

A detailed mathematical derivation of (2.4) and (2.5) 
can be found in Haacke et al. (1999) or 
Vlaardingerbroek and Den Boer (1999). From 
(2.4), it is seen that M ss varies periodically as a func- 




P (deg) 

Fig. 2.2. Plot of the transverse magnetization in steady state 
(M ss ) as a function of phase offset (ft) for the b-SSFP where the 
phase alternation of RF pulses was considered. Flip angle = 50° 
and TR = 10 ms, TE = 5 ms. Signal loss occurs at specific 
phase offsets 

tion of p as illustrated in Fig. 2.2 where a flip angle of 
50° was considered and the RF pulse was applied alter- 
natively along the positive and negative directions of 
the x-axis, i.e. in each TR the accumulated phase of the 
transverse magnetization is p + 180°. 

Because p is spatially dependent, the appearance 
of bands of varying signal intensity in the images is 
often a problem in b-SSFP. The banding artifact is 
characterized by large signal drops in locations 
where p is equal to ±180° and at 3T this problem 
becomes very serious because the B0 inhomogene- 
ities are larger and shimming is therefore less effi- 
cient and often unable to prevent these artifacts. As a 
consequence, the clinical application of b-SSFP at 3 T 
remains limited until now. 

The banding artifacts of b-SSFP at 3 T become 
quite prominent. To illustrate this, images obtained 
in a phantom are presented in Fig. 2.3 for both at 
1.5 and 3T using identical TR, TE, and flip angle. 
The phantom contains several tubes with different 
Tl -values. The desired contrast is present for both 
field strengths. However, at 3 T the banding arti- 
fact is much more prominent. At 1.5 T, the areas 
without bands is roughly two times larger than at 
1.5 T. In practice, the banding artifact at 3T 
severely constrains the clinical use of this sequence 
in the abdominal region due to the enhanced sus- 
ceptibility effects, which aggravate magnetic field 
inhomogeneities. 

The signal/contrast characteristics of b-SSFP 
are, however, quite interesting from a clinical point 
of view. In the following simplification, the mag- 
netic field inhomogeneities will be considered to be 
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1.5T 
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3T 










v ! 













Fig. 2.3. Phantom images obtained with b-SSFP sequences 
at 1.5 T and 3T: the image contrast and resolution are iden- 
tical, whereas the banding artifact is different (TR/TE/FA 
= 5/2.5/60). At 3T, the area at the center of magnet free of 
bands is about twice as small as at 1.5 T 
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Fig. 2.4. Plot of the absolute contrast between bowel wall and 
water-filled lumen as a function of flip angle theta for Tl- 
FFE, T2-FFE, and b-SSFP sequences. Simulation parameters 
are TR = 5 ms, TE = 2.5 ms 



clinical practice point of view, this is an interesting 
contrast because it can provide "T2-weighted" images 
with very short imaging times. Another advantage of 
b-SSFP is related to maximum signal amplitude when 
the optimal flip angle is applied. The latter, derived 
from (2.6) and considering the short TR limit, is 
given by: 



0 = arcos 



(Tl_ 
T2 



Tl 

lT2 



- + 1 



(2.8) 



and the corresponding magnetization is then given 
by: 



small so that in the case of RF phase alternation, 
P can be considered to be equal to 180°. In this case, 
(2.4) simplifies to: 



M n (l-E,)E 0 sine 
ss l-fo-Ejcose-E^' 



(2.6) 



In the short TR limit, i.e. when TR « T2 y Tl, (2.6) 
can be further simplified to: 



M ss* 



M 0 sin0 



c ■> 


-COS0 


f ~\ 






T2 




T2 



(2.7) 



Thus, in the short TR limit (TR < 10 ms), the contrast 
of b-SSFP is weighted by the T1IT2 ratio. From the 




(2.9) 



The expression in (2.9) shows that when the optimal 
flip angle is applied, the signal that is obtained can 
approach half of the maximum possible signal for 
tissues with a large T2IT1 ratio. This is very particu- 
lar to b-SSFP and shows that large signal/contrast 
can be obtained with very short TRs, contrary to 
what happens with Tl -FFE and T2-FFE as illustrated 
in Fig. 2.4 where the absolute contrast between bowel 
wall and water filled lumen was simulated for three 
different SSFP sequences. At 1.5 T, this enhanced con- 
trast is of clinical relevance in, for example, imaging 
of Crohn's disease (Prassopoulos et al. 2001) where 
it is important to have a good contrast between bowel 
wall and lumen. The drawback, however, is that the 
optimal contrast for b-SSFP often occurs for larger 
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flip angles which, at 3 T, can cause problems related to 
the SAR. 



2.2 



Changes to Accomodate These Problems 

When imaging at 3 T, the changes in relaxation param- 
eters, increased susceptibility, and chemical shift arti- 
facts as well as increases in the SAR imply that several 
changes have to be made in pulse sequences to make 
them comply with high field strength imaging. 

The increase in the Tl relaxation parameter causes 
a loss of contrast in Tl -weigthed sequences. Thus, for 
a given set of sequence parameters and although at 
3 T, an increase in the SNR by a factor of 2 is expected, 
the contrast of Tl -weighted images obtained at 3T 
can actually be worse than those obtained at 1.5 T 
(Soher et al. 2007). A possible change in pulse 
sequence design to overcome this problem is to 
increase the TR (and consequently the total scan 
time) to account for the increase in Tl relaxation 
rate. Another possibility is to apply magnetization 
inversion prepulses to increase Tl contrast without 
increasing TR. In the same way, the decrease in T2 
(T2*) relaxation parameter at 3T may imply a short- 
ening of the TE to keep the image contrast compara- 
ble with that obtained at 1.5 T. The increase in total 
scan time causes additional problems such as 
increased motion artifacts or less patient compli- 
ance. Also, the use of prepulses for magnetization 
preparation can also cause more problems related to 
SAR because of the additional power deposition. In 
certain circumstances, there are additional sequence 
parameters, such as number of signal averages, num- 
ber of acquired k-lines, or number of acquired echoes, 
which can be adjusted to decrease the total scan time. 
However, these adjustments are often made at the 
expense of a decreased SNR and therefore alternative 
solutions that are able to keep SNR levels are 
desired. 



2.2.1 

Improvement Using Parallel 
and Fast Imaging Techniques 

Additional solutions to decrease scan time without 
compromising SNR are the use of parallel imaging 
techniques (Larkman and Nunes 2007) or 3D fast 
imaging sequences that decrease scan time without 



compromising scan resolution. In parallel imaging, 
the independent signals recorded by a group of 
phased-array coils are combined to generate the 
image from the k-space, which is undersampled in 
the phase encoding direction. In other words, the 
undersampling of the k-space by each coil implies 
that the FOV of each coil is reduced. There are two 
categories of methods to reconstruct the image from 
coil signals: (1) image domain reconstruction; (2) 
frequency domain reconstruction. Methods such as 
SENSE (sensitivity encoding) (Pruessmann et al. 
1999, Van Den Brink et al, 2003) reconstruct the 
image in the image domain by using the sensitivity 
profiles of each coil and combining the "intermedi- 
ary images" obtained by each coil to obtain the final 
image. On the other hand, methods such as SMASH 
(simultaneous acquisition of spatial harmonics) 
(Blaimer et al. 2004) reconstruct the image in the 
k-space domain by computing a weighted average of 
the signals recorded by the different coils in this way 
reconstructing the missing k-lines. The weight cor- 
responding to each coil takes into account the relative 
position of each coil. Finally, GRAPPA (generalized 
auto calibrating partially parallel acquisition) algo- 
rithms (Griswold et al. 2002) also reconstruct the 
image in the k-space domain, but in this case, some 
of the central k-space lines that would be skipped 
are acquired and used to calibrate the method in 
order to compute the remaining k-space lines that 
are skipped. This procedure lengthens the scan time, 
which however remains short. Parallel imaging 
might be especially useful in EPI sequences where 
the acquisition of multiple echoes make them very 
sensitive to motion and susceptibility artifacts and 
will therefore profit from reduced scan time. EPI, 
however, is nowadays seldomly applied in the abdo- 
men except for diffusion weighted imaging where 
fast imaging is needed. Here, EPI is usually employed 
in the form of spin-echo ultra fast EPI. This is a 
hybrid sequence where after each 90° pulse and 
before each gradient echo readout, an additional 
180° refocusing pulse is added. As a consequence, 
several gradient echoes with T2-weigthing, each cor- 
responding to a different phase encoding step, are 
sampled in each readout. 

The increased signal strength at 3 T make the use 
of higher gradient amplitudes and higher gradient 
switching speeds more beneficial when compared 
with 1.5 T, namely by allowing the acquisition of 
high-resolution images within short scan times. 
Thus, 3D fast imaging sequences take advantage of 
these possibilities to acquire data from an excited 
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slab where phase encoding is also applied in the slice 
direction. In this way, there is an increase in SNR due 
to signal averaging during increased total scan time 
per slice. This is possible due to increased gradient 
performance at 3T that allows for fast scan times 
comparable with those of 2D multislice imaging. 

Both parallel and 3D imaging allow for the acquisi- 
tion of high-resolution images with fast scan times 
but without having to make a trade-off with the SNR. 

As mentioned before, SAR limitations are an 
important problem when imaging at 3T. From (2.2), 
it is seen that if all sequence parameters remain the 
same, there is an increase by a factor of 4 when going 
from 1.5 to 3T. Protocols such as TSE sequences that 
operate near the SAR limits have often to be modi- 
fied by increasing the TR or decreasing the echo train 
length. However, additional solutions related to RF 
pulse design may be necessary to overcome SAR 
problems. Methods such as those described in Busse 
et al. (2004) and Hennig et al. (1988,2001) are able to 
lower RF energy absorption by factors of 2.5-6 while 
keeping acceptable levels of SNR and contrast-to- 
noise ratio (CNR). The method described by 
Hargreaves et al. (2004), i.e. variable-rate selective 
excitation, is able to lower energy deposition without 
the need to decrease the flip angle. 

In general, body imaging at 3 T is quite affected by 
SAR limitations because many imaging protocols 
that are used operate close to allowed SAR limits. 
Although the above-mentioned methods can be used 
to minimize this problem, often the advantages of 
imaging at 3 T such as increased SNR, temporal and 
spatial resolution have to compromise in order to 
overcome SAR limitations. 

An illustration of a 3D Tl -weighted spoiled gradi- 
ent echo sequence is given for MR enterography in 
Fig. 2.5. Here, wall thickening after gadolinium 
injection at the level of the terminal ileum is clearly 
visible and one can expect that the theoretical signal 
benefit of imaging at high field strength can be 
obtained in clinical practice for these sequences. Fat 
suppression at the border of the images may, how- 
ever, be problematic due the field inhomogeneities at 
these locations. Insufficient fat suppression can be 
observed in Fig. 2.5 near the borders of the images as 
indicated by the arrows. 

Figure 2.6 shows a HASTE acquisition in MR 
colonography, showing great anatomical detail that 
will be beneficial for colon cancer detection. Both 
parallel imaging and decreased refocussing angles 
were employed in this acquition in order to limit SAR 
deposition while retaining high image resolution. 




Fig. 2.5. Three-dimensional Tl-weighted spoiled gradient 
echo sequence for MR enterography (TRITE/FA = 2.1/1.0/10) 
and parallel imaging factor 2 (SENSE). Artifacts due to in- 
sufficient fat suppression resulting from magnetic field in- 
homogeneities are present at the borders and indicated by 
arrows 




Fig. 2.6. HASTE acquisition in MR colonography (TR/TE = 
500/65) using and parallel imaging factor 2 (SENSE) 
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2.2.2 

Solving the Banding Artifact at 3T 

The banding artifact that characterizes b-SSFP 
sequences also becomes quite prominent at 3T and 
particularly when imaging the abdomen, where sus- 
ceptibility artifacts are quite intense, it is often very 
difficult to use these type of sequences despite its clin- 
icalinterestinimagingtheabdomen(GouRTSOYiANNis 
et al. 2001). As mentioned before, the effectiveness of 
shimming at 3 T is limited and therefore additional 
methods have to be used to minimize banding arti- 
facts. Banding artifacts appear due to the periodicity 
of the spectral response of b-SSFP sequences as dis- 
played in Fig 2.2. If phase alternation is applied to the 
RF pulse, the passband of the spectral response is 
centered on resonance and the stopband coincides 
with a phase offset of ±180°, as displayed in Fig. 2.2. 
In steady state, the phase offset is periodic with a 
period equal to TR and therefore it is equivalent to 
say that the stopband occurs at frequencies of ±1/ 
(2TR) Hz. Thus, a possible solution to avoid banding 
artifacts is to decrease the TR so that the nulls in the 
spectral response fall outside the distribution of fre- 
quency offsets (Duerk et al. 1998) present in the 
sample. Figure 2.7 displays the maximum phase off- 
set as a function of TR for both 1.5 and 3T field 
strength when the field inhomogeneities are of the 
order of 3 ppm. As expected, the phase offset shows a 
periodic behavior where the period T is such that 
ySB Q T equals 2k. Note that this is the periodicity of 
the maximum phase offset. This implies that for TR > 
T, even if spins experiencing the maximum frequency 



400 
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Fig. 2.7. Plot of the maximum phase offset as a function of 
TR when B0 field inhomogeneities are of the order of 3 ppm 
for both 1.5 and 3T field strengths 



offset have completed one period thus having again 
phase offsets well below 180°, other spins experienc- 
ing a smaller frequency offset may still show phase 
offsets in the neighborhood of the null of the spectral 
response. Thus, to guarantee that the null of the spec- 
tral response lies completely outside the distribution 
of phase offsets in the sample, TR should be kept well 
below T. From Fig. 2.7, it can be concluded that at 3 T, 
TR of a b-SSFP sequence should be kept well below 
1 ms. Methods to solve banding artifacts by design- 
ing sequences with short TRs have been used at 1.5 T 
(Lu et al. 2004). However, though the hardware at 3 T 
allows for faster scan times, it can still be difficult to 
obtain such small TR values due to SAR limitations, 
gradient heating, high acoustic noise, and reduced 
contrast and SNR. Thus, other solutions to the band- 
ing artifact, which do not require such short scan 
times, may be more desirable. At 1.5 T, the banding 
artifact problem has been solved by averaging sets of 
complex image data sets obtained at different equally 
spaced offsets to obtain a uniform spectral response 
(Zur et al. 1990). More recently, an extension to this 
method has been proposed by Foxall (2002) where 
the RF phase is constantly increased during the entire 
duration of the experiment. This phase cycling 
scheme creates a frequency modulation of the spec- 
tral response. It is shown that if the images corre- 
sponding to the different RF phases are averaged 
then good banding artifact cancellation can be 
obtained without the need to have very short TR 
spacings. In conclusion, several methods exist to 
reduce the banding artifact, but a satisfactory solu- 
tion has not been proposed so far. 
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KEY POINTS 



MR contrast media catalytically improve the inher- 
ent image contrast between normal and pathologic 
tissues. This is achieved by mechanisms that increase 
the relaxation rates of water protons in areas where 
these agents are distributed. The first generations of 
systemic, intravenous contrast media are unspecific 
in action owing to their distribution in the extracel- 
lular compartments. The newer agents are more 
specific and are limited to anatomic target tissues. 
But in the future, contrast media are expected to act 
onprocessesevenatthecellularlevel.Gastrointestinal 
MR agents have two main purposes: to improve the 
signals and contrast resolution between the bowel 
lumen and wall and to distend the gut. Water or 
watery solutions are the media most frequently used 
in this concept owing to the favorable signal charac- 
teristics, excellent distribution, and good tolerance. 
But to avoid absorption of water and the subsequent 
"collapse" of the gut, nonabsorbable particles need 
to be dissolved in the solution. By increasing the 
osmolarity, the distension of the intestine increases 
linearly as a consequence of the dose-response rela- 
tionship that exists between these two parameters. 
The oral application of contrast is usually preferred 
for most of the gastrointestinal MR examinations 
except for the imaging of the large bowel, although 
the best degree of small bowel distension is obtained 
with enteroclysis. 



3.1 



Introduction 

For years, magnetic resonance imaging (MRI) of the 
gastrointestinal tract was an unexplored field of 
application due to the technical inadequacy of the 
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scanners. After the introduction of stronger gradients, 
multichannel coils, and the fast and ultrafast sequences, 
it became possible to perform motion-free examina- 
tions during breath-holding. As a result, since 1998 the 
number of publications started to increase (Zhu et al. 
2008). 

MRI has several advantages when compared with 
other methods. Among the more obvious of these are 
the excellent contrast resolution, flexible scan orienta- 
tion, and lack of ionizing radiation. Abnormalities of 
the gastrointestinal tract such as in Crohn's disease: 
mucosal ulcers, wall thickening, bowel stenosis, prest- 
enotic dilatation, fibro fatty proliferation, mesenteric 
hypervascularity, lymph nodes, fistula, phlegmone, 
abscess, and ascites can be visualized (Maglinte et al. 
2003). In addition, the disease activity may be deter- 
mined by the degree and pattern of gadolinium wall 
enhancement and the peristalsis can be visualized 
with dynamic cine imaging (Maccioni et al. 2000; 
Rottgen et al. 2006; Horsthuis et al. 2005). The two 
major challenges in gastrointestinal MR imaging are 
(a) to obtain high-quality images without motion arti- 
facts, and (b) to achieve adequate distension of the 
entire bowel with homogeneous signals from the 
lumen. The former issue depends to a major degree on 
MR technology and software engineering, the latter is 
related to the kind of contrast chosen and the applica- 
tion of this agent. 

The potential of MRI seems almost unlimited and 
the method has proven to be sensitive and efficient for 
gastrointestinal imaging. But there is a fast developing 
evolution in other fields of imaging as well (Maglinte 
2006). The recent innovations within CT technology 
have realized an ultrafast scanning of the patient with 
advanced postprocessing of data for virtual endos- 
copy and colonography. Push-and-pull enteroscopy 
and the wireless capsule endoscopy give very detailed 
inspection of the entire gut and also biopsy proce- 
dures (Hartmann et al. 2004; Yamamoto and Kita 
2005; Gay et al. 2006). To choose the most adequate 
diagnostic method for a certain clinical setting, an 
updated evaluation of the different methods available 
should be continuously performed. 



3.2 



Contrast Agents, General Concepts 

In the earlier years of clinical MRI, it was believed that 
the images provided enough inherent contrast to 
exclude the need for exogenous contrast media. 



However, things turned out differently and during the 
recent 20 years, the application of MR contrast media 
have increased steadily to about 40-50% of all exami- 
nations performed (Bellin 2006). The first generation 
of contrast agents was intended for nonspecific distri- 
bution to the extracellular fluid compartments. They 
soon were followed by agents given orally to opacify 
the gut. Since then, several specific agents have cur- 
rently been designed for selective enhancement of 
liver, lymph nodes, vascular system, etc., but efficient 
target agents have not yet been developed for use in 
the gastrointestinal tract. In this section is introduced 
the most important background information related 
to the physical and chemical basis of MR contrast 
media and the process of signal enhancement. 



3.2.1 

Historical Overview 

In 1946, Felix Bloch managed to amplify the relax- 
ation rate of water protons with ferric nitrate. In the 
mid-1950s, Bloembergen, Solomon, and Morgan 
described the accelerated magnetic relaxation of 
water protons in solutions of paramagnetic metal 
ions, and Eisinger and colleagues in 1961 showed that 
the effect of a metal ion on water proton relaxation 
depended on what kind of metal ion was used and 
the chemical environment the ion was in. 

Paul Lauterbur produced in 1971 a description of 
MRI, and followed up with numerous contributions, 
which extended to human imaging in 1977. In 1978, 
he and his coworkers exploited the influence of a 
manganese (Mn)-(II)-solution administered into the 
left ventricle of a dog's heart, in which they already 
had produced a myocardial infarction by clamping a 
coronary artery. Their experiment showed that the 
paramagnetic ions altered the MR-parameters in vivo 
and enhanced the discrimination between the relax- 
ation rates in normal heart muscle and the infarction 
area. The animal experiment was later repeated by 
Goldman, Brady, and colleagues who confirmed with 
true MR imaging that the signals in the normal myo- 
cardium increased with increasing manganese con- 
centrations whereas the poorly perfused infarction 
area had low signals (Caravan and Lauffer 2006). 

The first contrast-enhanced study in man was per- 
formed by Young et al. in 1981 as they used orally 
administered ferric chloride to "reduce the spin-lat- 
tice relaxation time in the fundus of the stomach" 
(Young et al. 1981). The morbidity caused by the 
absorption of iron precluded the application of this 
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agent. In 1983, Runge et al. performed promising animal 
experiments with oral and rectal application of chro- 
mium ion chelates (Runge et al. 1983). The low toxic- 
ity of this agent was put forward as an advantage, but 
the contrast agent was not carried on to humans. 

In the brief period from 1981 to 1982, some decisive 
and fascinating processes evolved with major future 
implications. Through the innovative cooperation 
between academic centers and pharmaceutical indus- 
tries, two types of MR contrast agents were conceived: 
(a) the soluble paramagnetic gadolinium-based che- 
lates and (b) the colloidal solutions of suitable-sized 
magnetic particles (De Haen 2001). The first trials 
with gadolinium-diethylenetriamine pentacetic acid 
(Gd-DTPA-H 2 0) in human volunteers took place in 
Berlin in November 1983. Shortly thereafter, Carr and 
colleagues documented the first diagnostic examina- 
tions with intravenous Gd-based contrast media as 
they examined 20 patients with cerebral and hepatic 
tumors (Carr et al. 1984). Contrast enhancement was 
visualized with all tumors, particularly in the region of 
capillary breakdown and no short-term side effects 
were encountered. Four years later, the pharmaceuti- 
cal product Gd-DTPA (Magnevisf, Schering AG) 
appeared in the market. It was well accepted and to 
date remains the market leader. 

The first images with a colloidal solution of albu- 
min-coated magnetic nanoparticles were obtained in 
1982 and the results led to immediate optimism. As 
was expected, the contrast agent was taken up by the 
reticuloendothelial system and induced a reduction 
of the signals in the liver and spleen. But the path from 
idea to commercial product was more twisted for this 
new order of contrast than for Gd-DTPA. It appeared 
difficult and time-consuming to generate industrial 
interest for the production and also to gain patent 
protection for the inventions. Thus, it was not until 
1995 that AM 125 or ferumoxides first was distributed 
under the license as Endorem® (Berlex Laboratories 
Inc., USA; Tanabe Seiyaku Co., Japan). 

The MR imaging of the gastrointestinal tract 
received little attention for many years, being limited 
to advanced and selected research centers (Schneider 
et al. 2005). The examinations had often limited clini- 
cal impact and were hampered by several technical 
barriers until the late- 1990s as the quality of images 
was reduced by excessive movement artifacts from 
respiration, intestinal peristalsis, and cardiac motions. 
Throughout the years, numerous extrinsic contrast 
media were investigated as potential bowel agents: 
barium sulfate, fluids, food materials, gases, and agents 
based on gadolinium, iron, and manganese as well as 



pharmaceutical products such as methyl cellulose, 
mannitol, and polyethylene glycol preparations. The 
agents were originally designed to be taken orally, but 
some were later also applied rectally or as enteroclysis. 
The apparent insufficient imaging results obtained 
with these agents justified the statement by Jeffrey 
Brown in 1996: "At present, no oral MR contrast agent 
has achieved widespread clinical acceptance" (Brown 

1996) . 

3.2.2 

Contrast Resolution 

MRI enables the acquisition of high-resolution, 
three-dimensional images of the distribution of 
water in vivo. The inherent contrast of an MR image 
refers to the relative difference in signal intensities 
between adjacent tissues as based on the numerical 
signal difference between voxels or pixels. When the 
body is exposed to an external magnetic field, a 
magnetization builds up within the soft tissue voxels. 
The protons align in the low-energy state with the 
majority of spins parallel with the external magnetic 
field. The larger the magnetization, the stronger the 
induced signals of the tilted magnetization. The 
stronger the induced signal of the magnetization, 
the brighter the pixel intensity displayed on the 
monitor (Nitz and Reimer 1999). Many factors 
determine the signal intensity of any tissue, includ- 
ing the proton spin density, the longitudinal relax- 
ation time (Tl), the transverse relaxation time (T2), 
as well as the inherent resonant frequency, chemical 
shift, magnetic susceptibility, associated flow, perfu- 
sion, and diffusion (Deb at in and Patak 1999). The 
contrast resolution of the image can be widely mod- 
ulated by changing the different parameters, thus the 
soft tissue characterization with MRI is more varied 
and precise than with any other imaging methods. 

Though the inherent contrast resolution of MR 
images is high, it may be required to use extrinsic con- 
trast media to enhance the differences between nor- 
mal and pathologic tissue. MR contrast agents have a 
different mechanism of action than the radiographic 
agents or scintigraphic imaging media, which both 
can be traced directly on the film (Paley and Ros 

1997) . The concentrations of barium or iodinated con- 
trast determine the degree of X-ray absorption and 
the radiation emitted by radioactive isotopes is pro- 
portionate to the local concentration of the radioiso- 
tope. MR contrast media are not visible by themselves 
but act indirectly by catalytically modulating the 
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magnetic properties of nearby water molecules, thereby 
enhancing the contrast with background tissues. 

3.2.3 

Magnetic Properties and Relaxation 

Most of the substances in nature are diamagnetic 
such as water, fat, or proteins. The molecules have no 
net electron spin in the outer orbital as the pairs of 
electrons have opposite spins and cancel each other. 
Paramagnetic agents, like metal ions, have several 
orbitals at similar or identical energies. If there are 
more orbitals than electron pairs, only one single 
electron is present per orbital (Burtea et al. 2008). 
These electrons all have parallel spins resulting in a 
net electron spin. An odd number of electrons can 
also cause a net electron spin. Molecules that are 
tumbling in the presence of an external magnetic 
field generate tiny, local magnetic fields that induce 
relaxation. But the magnetic field created by the 
paramagnetic unpaired electrons is far more potent 
than the sparse magnetism produced by the diamag- 
netic substances. The most usual paramagnetic spe- 
cies in nature are the small, isolated metal ions 
manganese and gadolinium. They possess from one 
to seven unpaired electrons that create an increase of 
the magnetic moments from 1.7 to 10.6 Bohr magne- 
tons. The magnetic moment is the most important 
parameter to determine the effect on nuclear relax- 
ation enhancement, and the magnitude of the mag- 
netic moment is roughly proportionate to the number 
of unpaired electrons. Gadolinium has seven unpaired 
electrons and a magnetic moment of 8.0 Bohr mag- 
netons, why gadolinium is very efficient as a contrast 
agent (Caravan and Lauffer 2006). 

Materials that exhibit ferromagnetism like iron 
oxides or ferrites are built up as crystals of irons where 
each iron acts as a micro -magnet with an individual 
spin. The total crystal spin is a function of the number 
of spins. For ferrites, the total spin is very large and the 
magnetic susceptibility may be 2,500 times higher 
than the susceptibility of paramagnetic metal com- 
plexes. Superparamagnetic particles include the 
superparamagnetic iron oxides (SPIO) and the ultra 
small superparamagnetic iron oxides (USPIO). Both 
have an inner core of iron oxides that is covered by a 
membrane of either dextran or carbodextran to pre- 
vent aggregation. The susceptibility effect of super- 
paramagnetic particles is very high, though the level is 
approximately 1/5 of the effect obtained with the fer- 
romagnetic crystals (Caravan and Lauffer 2006). 



3.2.4 

T1 and T2 Agents 

All contrast agents shorten both the longitudinal 
relaxation time Tl and the transverse relaxation time 
T2, but they do so to different degrees. It is therefore 
usual to categorize contrast media into two major 
groups: 

Agents that increase both Tl relaxation rate (1/T1) 
and T2 relaxation rate (1/T2) to roughly the same 
amount are called Tl agents. Their dominant effect is a 
shortening of the Tl relaxation time (longitudinal 
relaxation - in simple terms, the time taken for the pro- 
tons to realign with the external magnetic field) with 
most pulse sequences. Paramagnetic agents are mainly 
positive enhancers with increased signals on Tl- 
weighted images. The paramagnetic contrast agents 
are built up with gadolinium ion as the active constitu- 
ent. These agents dominate among the intravenous 
contrast media, but their use is limited for bowel appli- 
cation (Bottrill et al. 2006; Burtea et al. 2008). 

Media that increase the transverse relaxation rate 
(1/T2) to a greater extent than the longitudinal relax- 
ation rate (1/T1) are categorized as T2 agents. The 
transverse relaxation, T2, can simply be explained as 
the time taken for the protons to exchange energy with 
other nuclei. The T2 agents cause a marked reduction 
in signal intensity on T2 and T2*-weighted images. 
They also have a signal reducing effect on T 1 -weighted 
images, but to a lesser degree. So, they are called nega- 
tive contrast agents. USPIOs may, however, produce 
"dual signals," e.g., increased signals on Tl -weighted 
images and decreased on T2-weighted images. SPIOs 
are approved for liver imaging while USPIOs seems to 
be particularly useful for MR lymphography. 
Superparamagnetic agents have been used for intralu- 
minal bowel opacification, but within limited scales 
(Bellin 2009a, b). 

There is an important difference between gadolin- 
ium-based agents and the ferromagnetic agents: the 
signals increase with increasing concentration of gad- 
olinium up to a certain level. Above this concentration, 
the tissue signals start to decrease both for T 1 -weighted 
and T2-weighted images. But large iron particles 
always cause decreased signals - at all concentrations. 

3.2.5 

General Requirements for Contrast Agents 

MRI contrast agents are chemical compounds that 
are able to markedly increase the relaxation rates of 
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water protons in tissues where they are distributed 
and thereby improve the image contrast. It follows 
that the contrast agent must enhance the target tissue 
rather than the surrounding tissue. The efficiency of 
an agent to improve the contrast resolution is referred 
to as the relaxivity. 

The agent should localize for a period of time in 
the target tissue in preference to nontarget tissues to 
be of diagnostic value. Although the enhancement of 
the relaxation rates is determined by several param- 
eters, the detection of an agent is usually a simple 
function of its tissue concentration. 

Safety is an absolute requirement for MR contrast 
agents. In general, gadolinium-based contrast agents 
produce few acute adverse events. Allergy-like reac- 
tions occur with less than 1% of the administrations, 
the large majority of these are mild including head- 
ache, nausea, vomiting, hives, and altered taste 
(Heinz-Peer 2009). Severe anaphylactoid reactions 
have only sporadically been reported and occur sig- 
nificantly less frequent than with the iodine-based 
contrast agents, a fact that may partly be explained 
by the lower dose in clinical use. 

The safety of the gadolinium-based contrast agents 
is related to their stability in vivo and the clearance 
behavior (Morcos 2009). Dechelation of the gado- 
linium complex with release of the free metal ion in 
different tissues of the body appears to be a key factor 
for the development of nephrogenic systemic fibrosis 
(NSF) in patients with impaired renal function 
(Grobner 2006; Sieber et al. 2008; Thomsen 2009). 

NSF is a rare but potentially lethal disorder that is 
characterized by fibrosis of the skin and connective 
tissues. It was first described in 2000, although the 
cutanous manifestations were reported for the first 
time in 1997 (Cowper et al. 2000). To date, the num- 
ber of NSF cases registered worldwide has reached 
about 250 (Sieber et al. 2008). To reduce the risk of 
NSF, the Food an Drug Administration (FDA) in 2007 
requested a "black box" warning on all the five FDA- 
approved gadolinium-based MR contrast agents mar- 
keted in the USA (U.S. Food and Drug Administration 
2007), although data suggest that low stability agents, 
particularly gadodiamide, possess a seemingly greater 
risk for precipitating NSF (Kanal et al. 2008). 

3.2.6 

Relaxivity 

MR contrast agents contain paramagnetic or super- 
paramagnetic metal ions, which affect the signal 



properties of the surrounding water molecules and 
lead to improved image contrast. The capability of a 
contrast agent to enhance the tissue is directly pro- 
portional to the increase of the longitudinal (1/T1) or 
transverse (1/T2) relaxation rate of the proton spins. 
Relaxivity is defined as the amount of increase of the 
relaxation rate rl = 1/T1 and r2 = 1/T2, respectively, 
produced by 1 mmol/L of contrast agent. The values 
of rl and r2 are used to determine the efficiency of a 
contrast agent, and they consist of contributions from 
both inner sphere and outer sphere relaxation mech- 
anisms (Lowe 2002). The relaxivity must be suffi- 
ciently high to enable a detectable enhancement of 
the tissue, and the relaxation rates of the target tissue 
should be more affected than the relaxation rates of 
the adjacent nontarget tissues (Burtea et al. 2008). 

Many mechanisms contribute to the efficiency of 
signal enhancement. In the simplest cases, the rate of 
relaxation increases proportional to the concentra- 
tion of the contrast media in the tissue. Though the 
contrast has to stay for a period of time in the target 
tissue or compartment as toxic concentrations have 
to be avoided, the tissue concentration is not the only 
parameter that contributes to its efficiency. The dis- 
tribution of contrast within each image voxel, the 
proton density, and the diffusion and chemical envi- 
ronment are also important contributors. 

The relaxivity of gadolinium complexes has been 
explained with quantitative theoretical models. We 
forward a simplified version: 

The gadolinium molecule is built up with a central 
metal ion of gadolinium (Gd 3+) surrounded by a 
ligand that is directly bonded through atom sites to 
the metal core. Ligands with more than one binding 
site to the ion are termed chelates. The very high in 
vivo toxicity of gadolinium requires that the metal be 
complexed by strong and protective organic chelators. 
The ligands that are directly bonded to the metal, usu- 
ally through the sharing of electrons, are called "inner 
sphere" ligands. "Outer-sphere" ligands are not directly 
attached to the metal, but are weakly bonded to the 
first coordination shell. The complex of the metal ion 
with the inner sphere ligands is called a coordination 
complex (Caravan and Lauffer 2006). 

The efficiency of the contrast agents, the paramag- 
netic relaxation, is explained by "the inner sphere" 
and "outer sphere" mechanism, according to the the- 
ory of Solomon-Bloembergen-Morgan as described 
in the 1950s. The principle of the "inner sphere" relax- 
ation rests on the chemical exchange when one or 
more water molecules leave the first coordination 
sphere of the paramagnetic center and then is replaced 
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Fig. 3.1. Parameters influencing relaxivity 

by other molecules. The mechanism allows a trans- 
mission of the paramagnetic effect to the entire sol- 
vent surrounding the paramagnetic complex, since 
water molecules may change sites from the center to 
the bulk water (Burtea et al. 2008) (Fig. 3.1). 

3.2.7 

Future Aspects 

Nonspecific paramagnetic agents may enhance both 
normal and diseased tissue. The enhancement of 
specific tissues, structures, and organs are highly 
preferred, but the process of developing agents that 
are directed to inflammation, degeneration, tumor, 
or gene expression of disease is challenging. Among 
the most thoroughly investigated specific tissue 
agents are the high-relaxivity gadolinium-based 
agents and the USPIOs; most of them are particularly 
selected for hepatic imaging (Reimer et al. 2006). 
Agents selected for enhancement of diseased bowel 
tissue have not yet been approved. 

Improved relaxivity of the gadolinium-based 
agents may be obtained by changing the design of 
the ligand as to (a) enable more water molecules to 
"visit" the inner sphere of the gadolinium complex, 
(b) shorten the water residence time to an optimal 
level, (c) slow down the tumbling rate of the complex, 
and (d) maintain the thermodynamic stability. It has 
already been shown that a slower molecular tumbling 
of the complex increases the relaxivity. But improved 



water residence time appears to be the most influential 
single parameter to improve the relaxivity of these 
agents (Raymond and Pierre 2005). 

In the future, it is expected that MR contrast agents 
will not be limited to anatomic regions alone but will 
expand into cellular processes. This paradigm of imag- 
ing may involve the determination of cell membrane 
enzyme activities, measurement of receptor densities, 
and the evaluation of cell cycling for optimal selection 
and timing of drug therapies (Kruskal 2006). 



3.3 



Bowel Contrast Agents 

The gastrointestinal tract extends from the mouth to 
the anus, a distance of 6-9 m. The small bowel accounts 
for 70-90% of the total length. A major advantage of 
MRI is the ability to visualize the wall and surround- 
ings as mural involvement and extraluminal complica- 
tions are the common denominators for inflammatory, 
infectious, ischemic, and malignant diseases (Lomas 
2003). The imaging of the gastrointestinal tract is chal- 
lenging for several reasons. The thin wall and steady 
peristaltic motion necessitate MR acquisitions with 
good temporal and spatial resolution. But adequate dis- 
tension of this hollow and elastic tube is a prerequisite 
for diagnostic imaging. The contrast agent should be 
nontoxic, inert with homogeneous signals, well distrib- 
uted, well tolerated, and not expensive. The ideal tech- 
niques and contrast agents are probably not yet found, 
although several centers are able to present their excel- 
lent imaging results. The following section is divided 
into three parts reflecting the usual classification of 
bowel agents according to signal characteristics. 

3.3.1 

Positive Agents: Bright Lumen 

These agents have been almost neglected since they 
were introduced in the market. The main reason is 
presumably the signal characteristics, which reduce 
the contrast resolution between the lumen and the 
enhanced wall at Tl -weighted sequences. The admin- 
istration of positive contrast media in the gut means 
high signal intensity from the lumen on both Tl- 
weigthed and T2-weighted images and high signals 
even from the bowel wall after intravenous contrast. 
The diffuse inflammatory diseases may thus be diffi- 
cult to detect, as the alterations of tissue contrast may 
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be the only means for detection. The structural 
changes are less pronounced with inflammation than 
with tumors. To obtain adequate distension of the 
intestine, mannitol was added to the paramagnetic 
solution to increase the osmolarity and avoid absorp- 
tion. Another disadvantage is the price level as these 
agents are regarded to be relatively expensive. Besides 
the gadolinium chelates, this category of agents 
include even the ultra small ferrous particles. Their 
use is limited in the bowel. 

3.3.1.1 

Mechanism of Action 

The positive gadolinium-based paramagnetic agents 
result in a reduction of both Tl and T2 relaxation 
times. Within "normal" gadolinium concentrations, 
the Tl -shortening effects predominate with little 
effect on T2-weighted images. High signals from 
the watery contents are thus produced on both 
Tl -weighted and T2-weighted images. At much 
higher gadolinium concentrations, the T2-shortening 
effect predominates, resulting in signal intensity loss 
with all sequences. T2-weighted images are more 
sensitive to this "negative enhancement" phenome- 
non and the signal loss occurs at lower concentra- 
tions on T2-weighted images than on the Tl -weighted 
(May and Pennington 2000). 

The signals from the lumen appear heterogeneous 
because of the variable concentrations of the positive 
contrast media throughout the entire gut. It may 
therefore be difficult to interpret the image findings. 

But paramagnetic agents may have been underesti- 
mated as bowel agents. It is well known that the perme- 
ability of the mucosal wall is pathologically increased 
in inflammatory bowel disease, ischemia, or obstruc- 
tion (Stordahl et al. 1988; Stordahl and Laerum 
1988). The increased permeation of contrast material 
from the gut lumen to the vascular system could be 
detected by the enhanced urinary opacification of 
iodinated contrast agent in urine (Laerum et al. 1991). 
To our knowledge, similar experiments have not been 
performed with MRI. In theory, the amount of excreted 
gadolinium in the urine could be regarded as a quanti- 
tative measure of the mucosal disruption in the bowel. 

3.3.1.2 

Positive Bowel Agents 

Gd-DOTA (Dotarem®, Guerbet, France) seems well 
suited as an oral MR gastrointestinal contrast agent. 



It has an excellent safety profile and it has been 
shown to remain stable even in highly acidic envi- 
ronments, as may be encountered in the stomach. 
Furthermore, it is not absorbed in the intestines and 
has no measurable influence on bowel motion 
(Schwizer et al. 1994). Applied both orally and rec- 
tally, it has been used as a marker for gastric empty- 
ing as well as the basis of a Tl -shortening enema for 
virtual endoscopy (Luboldt et al. 1997). 

Gd-DTPA (Magnevist Enteral®, Bayer Schering 
Pharma, Germany) is well documented oral contrast 
agent. It is administered in conjunction with Mannitol 
to increase the osmolarity of the solution and thus 
obtain a better distension of the bowel. It can be given 
orally or rectally, usually as a 1 .0-mmol/L solution. The 
agent is well tolerated, with an excellent safety profile 
(Laniado et al. 1988). Side effects are associated with 
the accompanying antiperistaltic agents used. 

3.3.2 

Negative Agents: Dark Lumen 

The use of dark lumen bowel contrast agents has 
apparently passed the top of popularity since the 1990s 
(Hahn et al. 1990; Rubin et al. 1993; Vlahos et al. 
1994; Low and Francis 1997; Burton et al. 1997; 
Small et al. 1998; Holzknecht et al. 1998; Rieber 
et al. 1999; Maccioni et al. 2002). The use of negative 
iron-based bowel agents today is limited, in spite of 
their favourable signal characteristics. Dark lumen on 
Tl -weighted and T2-weighted images improves the 
contrast discrimination between lumen and wall, par- 
ticularly after enhancement and inflammatory changes 
and structural abnormalities can easily be depicted. 
Negative agents are well distributed in the gut with 
relatively uniform drop of signals. An alternative path 
to the dark lumen is obtained by the production or 
insufflations of gas. This has recently been recom- 
mended for dark-lumen MR colonography although 
the opinions differ on this matter (Ajaj et al. 2004b; 
Gomez et al. 2008). 



3.3.2.1 

Mechanism of Action 

Negative substances induce local inhomogeneity in 
the magnetic field that affects Tl and T2 relaxation 
time. The result is a marked signal drop on Tl and 
particularly T2-weighted images due to the dephasing 
of spins. 
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Superparamagnetic media made of iron oxide 
covered with dextran differ in their size from ultras- 
mall nanoparticles to aggregated large crystals. The 
susceptibility effects are stronger for the larger crys- 
tals. But the longitudinal relaxivity may be quite high 
for the smaller USPIO particles with concomitant sig- 
nal enhancement on Tl -weighted images. USPIOs 
may therefore act as biphasic agents with differing 
signals on Tl and T2-weighted images. Superpara- 
magnetic contrast agents are built up of particles, not 
molecules, so there are no electron-bonding of inner- 
sphere water molecules within these particles. The 
outer-sphere relaxation of protons is exerted by the 
strong magnetic particles as the water molecules diffuse 
in the neighborhood. The net magnetization increases 
with the strength of the external magnetic field. 

3.3.2.2 

Negative Bowel Agents 

Gas, in the form of air, carbon dioxide or perfluoroc- 
tyl bromide, can be introduced into the stomach or 
rectum to distend the bowel and create a negative 
contrast effect (Matt re y et al. 1994). Alternatively, 
gas can be produced with effervescent granule pow- 
der or liquids. The negative contrast effect is related 
to the reduced proton density in the intestinal lumen. 
Gas tends to stimulate peristalsis and may therefore 
cause significant motion artifacts. Although addi- 
tional use of antiperistaltic agents is obligate, the 
clinical impact has been limited due to the prokinetic 
action of gas on peristalsis. There are further limita- 
tions like increased susceptibility artifacts and diffi- 
culty in controlling the distribution within the gut 
(Debatin and Patak 1999). 

Iron oxide particles. Several superparamagnetic 
iron-based substances have been investigated, some 
of which are available for clinical use. These agents 
are miscible with water and relatively uniformly dis- 
tributed in the bowel producing homogeneous dark 
signals from the lumen. They are fairly well tolerated 
without serious adverse events. A potential advantage 
of this group of agents is the reduced motion artifacts 
because of decreased intraluminal signal. But the 
magnetic susceptibility on gradient echo sequences 
may alter image quality on breath-hold Tl -weighted 
images (Zhu et al. 2008). After intravenous gadolin- 
ium, maximum contrast is achieved between the dark 
lumen and the bright, enhanced wall. If the use of 
intravenous contrast agents is excluded, the hyperin- 
tense signals from the bowel wall on T2 -weighted 



sequences are favorable to visualize the signs of acute 
inflammatory disease. 

Ferumoxsil (GastroMark®, Lumirem®) contains 
iron particles coated with silicon. The diameter of 
the average particle amounts 300 nm and the parti- 
cles are in a low- viscosity suspension. The iron con- 
tent of Lumirem is 175mg/L (Debatin and Patak 
1999). 

Barium sulfate has been the most widely evalu- 
ated negative contrast agent. It is cheap, widely avail- 
able, with a known safety and tolerance record. The 
mechanism of action is a combination of T2 shorten- 
ing due to diamagnetic susceptibility effects and 
replacement of intraluminal water by barium sus- 
pension, thus decreasing the proton density. It can be 
given both orally and rectally, and the best results are 
achieved with a relatively high concentration. Lower 
concentration of barium have been shown to exhibit 
positive contrast effects, probably due to the return 
of proton signals from water (Paley and Ros 1997). 

3.3.3 

Biphasic Agents: MR Hydrography 

The term "biphasic" was introduced to define those 
substances that show different signal intensities on 
Tl -weighted and T2-weighted images. The first group 
includes manganese,manganese-containing substances, 
and gadolinium chelates at high concentrations (Rieber 
et al. 2000). These agents may induce hyperintense sig- 
nal on Tl -weighted images and hypointense signal on 
T2-weighted images. The second group of agents 
includes water, hyperosmolar, and iso osmolar watery 
solutions and barium sulfate (Zhu et al. 2008). They fol- 
low the signal profile of water: low on Tl -weighted 
images and high on T2-weighted images. In practice, 
these are the kind of agents we are referring to as bipha- 
sic agents. 

Schunk et al. early realized the importance of 
using mannitol as an oral bowel agent. Already in 
1995, he stated: "Aqueous mannitol solution is a safe 
bowel contrast agent and improves the diagnostic 
value of pelvic MRI, but in some cases delineation 
between marked bowel and cystic pelvic lesions may 
be uncertain" (Schunk et al. 1995). He later called 
this imaging technique for MR hydrography, thus 
focusing on the essential issue: water itself consti- 
tutes the "contrast" media, being attracted by differ- 
ent osmotic solvents (Schunk et al. 2000). 

Water is ideal as contrast media in many ways, 
being the safest and cheapest agent with favorable 
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signals. But unfortunately enough (in this concept) 
water absorbs and leaves the bowel inadequately dis- 
tended distally. "Dark lumen" MR colonography as 
well is performed with water. One may therefore rein- 
troduce the designation MR hydrography to include 
the large quantity of examinations of the entire gut 
from mouth to anus. 



3.3.3.1 
Osmosis 

Water diffuses freely through a semi-permeable 
membrane so that equal concentration for water is 
achieved on both sides. Normally, zero net movement 
of water occurs. Under certain conditions, a concen- 
tration difference can develop across a membrane, 
leading to a net movement of water called osmosis. 
The osmotic pressure is equal to the amount of pres- 
sure required to stop osmosis. The osmotic pressure 
is exerted by molecules or ions in the solution. The 
average kinetic energies (k) of each individual parti- 
cle in the solution are equal, as determined by the 
equation: k = mv 2 /2. 

Particles with smaller mass (m) move with higher 
Brownian velocity (v) than the larger and slower 
particles; each particle therefore exerts the same aver- 
age amount of pressure against the membrane. The 
osmotic pressure of a solution is determined by the 
number of particles per unit volume of fluid (the molar 
concentration if the molecule is not dissociated) and 
not by the mass of the solute. 

The unit osmole expresses the concentration of a 
solution in terms of number of particles. One osmole 
is 1 g molecular weight of an osmotically active sol- 
ute. A solution that has 1 osmole of solute dissolved in 
each kilogram of water is said to have an osmolality 
of 1 osmole per kilogram water. The normal osmolal- 
ity of the extracellular and intracellular fluids is about 
300 milliosmoles per kilogram of water. For practical 
reasons, the osmolar concentration is expressed as 
osmolarity, which is the number of osmoles per liter 
of solution. For dilute solutions, as those in the body, 
the difference between osmolality and osmolarity is 
less than 1% (Guyton and Hall 2006). 



3.3.3.2 

Water Balance 

Normally, water diffuses into and out of the intestine 
until the intraluminal osmotic pressure equals that of 



plasma (Field 2003). The osmolarity of the duodenal 
contents may be hypertonic or hypotonic depending 
on the kind of meal ingested, but by the time the meal 
enters the jejunum the chyme is close to isotonic and 
remains so throughout the rest of the bowel (Hoad 
et al. 2007). Osmotic active particles produced by 
digestion are removed by absorption in the small 
intestine making water passively diffuse out along 
the osmotic gradient thus generated. In the colon, 
Na+ is actively pumped out of the gut followed by 
water, so normally 98% of the approximately 9 L of 
fluid ingested or secreted are reabsorbed, leaving a 
fluid loss of about 200 mL in the stools per day. 

Nonabsorbable substances like sorbitol, mannitol, 
and others have a direct effect on the transportation 
of water as their intraluminal presence provokes an 
influx from the extracellular compartments. The 
resulting increase of fluid in the bowel is induced by 
the osmotic active solutes. Laxatives made of poorly 
absorbable ions like magnesium, sulfate, or phos- 
phate citrate are examples of such osmotic agents. 
But electrolytic absorption from the bowel is not 
impaired; the concentrations and losses of electro- 
lytes in the stool water may consequently be quite 
low. Although the osmotic diarrhea may be profuse, 
it stops as soon as the intestine is emptied (Schiller 
and Sellin 2002). 



3.3.3.3 

Osmolarity: A Decisive Parameter 
for Bowel Distension 

Owing to the absorption in the bowel, pure water is 
useless as an oral agent for the gastrointestinal tract, 
in spite of the very favorable signal characteristics. 
Thus, additives are needed to prevent a "collapse" of 
the distal small bowel. The oral administration of 
osmotic solutions results in far better bowel disten- 
sion when compared with water alone (Schunk et al. 
1999; Patak et al. 2001). It has been shown that the 
level of osmolarity seems to be a key factor as for the 
degree of luminal distension, presumably more 
important than the physico-chemical characteristics 
of the dissolved agent (Ajaj et al. 2005; Borthne et al 
2006b). A linear dose-response correlation appears to 
exist between the osmolarity and the degree of bowel 
distension. This implies that by increasing the osmo- 
larity of the solution, the volume given may be mark- 
edly reduced, thus allowing an easier administration. 
It is possible to achieve excellent distension of the 
bowel by administering a volume of approximately 
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Fig. 3.2. There is a dose-response relationship between the 
level of osmolarity of a solution and the degree of bowel disten- 
sion. This is illustrated by the administration of three different 



solutions with increasing osmolarities: (a) water (2mOsm/L), 
(b) iohexol (189mOsm/L), and (c) mannitol (325mOsm/L) 



300 mL of sorbitol to the patient about 45 min prior to 
examination (Borthne unpublished data; Kinner 
et al. 2008). Another advantage related to the reduced 
absorption is the reduced filling of the urinary blad- 
der. Children may therefore go through a prolonged 
MR examination without interruptions as avoiding 
the tensions from a full bladder (Borthne et al. 2006a, 
b). There is also a well- documented dose-response 
relationship between the osmolarity and the level of 
side effects such as diarrhea and abdominal pain. 
Thus, a balance needs to be found satisfying both 
needs: an osmolarity as high as possible allowing for 
bowel distension and delineation, but also as low as 
possible to reduce side effects (Kinner et al. 2008) 
(Fig. 3.2). 



3.3.3.4 

Biphasic Agents and Additives 

Water renders the bowel lumen bright on T2-weighted 
images and dark on Tl -weighted MR images. 
Theoretically, it would be a perfect biphasic contrast 
medium for the small bowel, but the water is reab- 
sorbed before it reaches the terminal ileum, so the 
intestine remains insufficiently distended (Lomas 
and Graves 1999). For "dark lumen" MR colonogra- 
phy, tempered water may be administered rectally 
using hydrostatic pressure (Lauenstein et al. 2001; 
Ajaj et al. 2004a). 



Mannitol is an organic sugar alcohol. Aqueous 
solutions of Mannitol are available in concentrations 
of 5, 10, 15, 20, and 25%; osmolalities ranging from 
274 to 1,372 mOsmol/L. It is not absorbed and not 
modified in the bowel. It is excreted by glomerular 
filtration after intravenous administration and not 
resorbed from the renal tubules. Mannitol is highly 
appreciated as volume expander in emergency situa- 
tions and used as MR bowel agent, either as single 
contrast or as an additive (Schunk 2002; Lauenstein 
et al. 2003; Negaard et al. 2007). A disadvantage is 
the degradation to potentially explosive methane 
and hydrogen in the gut (Bigard et al. 1979). 

Sorbitol is a sugar alcohol. It occurs naturally in 
many stone fruits and berries and is often used in diet 
foods and drinks, ice cream, as a nutritive sweetener, 
sugar-free chewing gum, mints and cough syrups, 
mouthwash, and toothpaste. It may be used as a laxa- 
tive owing to the osmotic effect and has a prokinetic 
effect. Sorbitol's safety use is supported by the U.S. 
Food and Drug Administration and the Scientific 
Committee for Food of the European Union (FDA 
professional drug information database). Sorbitol is 
easily prepared and administered for bowel MR imag- 
ing (Ajaj et al. 2004c). A hydro solution containing a 
mixture of sorbitol 2.0% and 2.1% barium sulfate is 
also commercially available (Kuehle et al. 2006). 

Polyethylene glycol (PEG) is a flexible, water-soluble 
polymer used in a variety of products including 
laxatives, skin creams, lubricants, toothpaste, and 
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pharmaceutical products. PEG has been proposed 
by several authors as a suitable, well-tolerated bipha- 
sic contrast medium. It may be administered to 
adults or children, either orally or as enteroclysis 
(Gourtsoyiannis et al. 2000; Laghi et al. 2001; 
Papanikolaou et al. 2002; Magnano et al. 2003; 
Masselli et al. 2004). For enteric administration, the 
solution usually contains additional electrolytes. PEG 
is isosmolar, unabsorbable, remains unmodified in 
the small bowel, and is easily prepared and adminis- 
tered. The transit time is fast, allowing for small 
bowel distension within 30min (32). Because of the 
prokinetic action of the solution, undesirable side 
effects as motion artifacts or severe diarrhea can 
occur. 

Methyl cellulose is a synthetically produced chem- 
ical compound derived from vegetable cellulose. In 
pure form, it appears as a hydrophilic white powder 
that dissolves in cold water, forming a clear viscous 
solution or gel. It occurs as an additive in several 
products: hair shampoos, tooth pastes, liquid soaps, 
thickener, and emulsifier in various food, cosmetic 
products, ice cream, substitute for tears and saliva. 
Like cellulose, it is not digestible, not toxic or aller- 
genic, and not absorbed by the intestines. It is used as 
a treatment of constipation, but since it absorbs water 
and increases viscosity, it may even be used to treat 
diarrhoea. Methyl cellulose has been administered as 
enteroclysis, either diluted or in combination with 
positive or negative contrast agents (Umschaden 
et al. 2000; Wiarda et al. 2005; Rieber et al. 2002). 

Isphagula/ Psyllium husk fiber (Metamucil, Procter 
and Gamble, Phoenix, Arizona, USA) is a natural 
fiber product derived from the plant genus plantago. 
The seeds are used for the commercial production of 
mucilage, a white fibrous material of clear, colorless, 
gelling agents. The milled seed is hydrophilic and 
increases in volume by tenfold when absorbing water. 
As a thickener, it has been used in ice cream and fro- 
zen desserts. Because of the water-holding capacity 
of the undigested fibers, it is used as a laxative. 
Isphagula has been given with good results as an oral 
distending additive in MR small bowel imaging 
(Patak et al. 2001). 

Locust bean gum is a vegetable gum extracted from 
the seeds of the Carob tree. It is used as a thickening 
and gelling agent in food technology. It is soluble in hot 
water. Locust Bean Gum occurs as a white to yellow- 
white powder. It consists chiefly of high molecular 
weight hydrocolloidal polysaccharide. It is dispersible 
in either hot or cold water as forming a sol having a pH 
between 5.4 and 7.0. Locust bean gum maybe proposed 



as ahydrogel additive to the osmotic solution to increase 
the quality of the MR examination (Lauenstein et al. 
2003; Ajaj etal. 2004c) 

Barium sulfate preparations consist of a suspen- 
sion with insoluble barium sulfate particles that are 
not absorbed from the gut. The agent is inexpensive, 
has an excellent safety profile and is administered 
orally or rectally (Debatin and Patak 1999). The sig- 
nal intensity can vary depending on the degree of 
dilution of barium sulfate. Generally, the signal inten- 
sity on T 1 - weighted images will be low. On T2 -weighted 
images, the signal intensity may vary between inter- 
mediate to bright. 

Pineapple and blueberry juice. These solutions con- 
tain manganese, which may suppress the disturbing 
signals from the stomach and duodenum on extreme 
T2-weighted images. The value of fruit juice, in this 
concept, is thus particularly related to the MRCP 
examinations (Hiraishi et al. 1995; Karantanas 
et al. 2000; Coppens et al. 2005). 




Application of Bowel Agents 

The contrast media can be administered orally, rec- 
tally, or as enteroclysis. The examination of the colon 
is normally performed with retrograde installation 
of contrast. Starting 48 h prior to examination, the 
patient uses a preparation of barium sulfate solution 
to modify the signals of fecal matter and thus make it 
be virtually invisible (Kinner et al. 2007). Water- 
based colonic distension is commonly administered 
by passively infusing 1.5-2.5 L of warm water using 
hydrostatic pressure. The dark-lumen technique can 
also be obtained if air is used instead of water to 
expand the large bowel (Ajaj et al. 2004b). 

All the remaining examinations of the gastrointes- 
tinal tract are performed by administering the con- 
trast media in antegrade direction. Contrast application 
by drinking is the simplest and best accepted method 
from the patient's point of view. It is possible to achieve 
excellent visualization of the entire gut, including the 
large bowel, with this technique. Studies comparing 
the oral method and enteroclysis document that both 
methods produce high-quality images with comparable 
diagnostic accuracy although better distension usu- 
ally are obtained with enteroclysis (Gourtsoyiannis 
et al. 2006; Negaard et al. 2007). 

Enteroclysis is an emerging technique for evalua- 
tion of the small bowel as the administration of an 
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iso-osmotic water solution through a nasojejunal 
catheter can practically guarantee adequate luminal 
distension (Gourtsoyiannis and Papanikolaou 
2005). Disadvantages connected to this method are 
the need of ionizing radiation, traumatizing intuba- 
tion, and the relatively more complicated procedure 
and logistics with two different labs. These argu- 
ments are particularly relevant for young patients 
and children suffering with inflammatory bowel 
disease. 



3.5 



Gadolinium-Based Agents 
for Intravenous Use 

There is good documentation of the improved 
assessment of disease on enhanced Tl -weighted 
images. The combination of dark lumen and sup- 
pression of fat signals amplify the contrast resolu- 
tion between normal and pathologic tissue. The 
nonspecific gadolinium-based complexes have a 
small molecular size, which makes them diffuse 
freely from the capillaries to the interstitial com- 
partments. After contrast injection, the inflamed 
bowel segments or the infiltrating tumor light up 
against a dark background and the nature and 
boundaries of the diseased area are easier to define. 
The grade of disease activity can be determined by 
assessment of the degree of enhancement; the more 
severely inflamed, the more the bowel wall enhances. 
This correlation is explained by the increased perfu- 
sion and increased capillary permeability of the dis- 
eased areas (Horsthuis et al. 2005; Horsthuis 
et al. 2009). The gadolinium-based agents are safe in 
use. But these agents must be avoided in patients 
with acute and chronic severe renal insufficiency or 
acute renal insufficiency due to the risk for develop- 
ing NSR 

3.5.1 

Mechanism of Action 

Most of the paramagnetic agents have gadolinium as 
the metal constituent. The different gadolinium- 
based compounds are positive agents that enhance 
the local water proton relaxation by shortening the 
Tl relaxation time in tissues. Shortly after the intra- 
venous administration of the standard dose of 
0.1 mmol/kg, a marked increase of signal intensity is 



observed in the target tissue. Tl relaxivity profiles are 
almost identical for the commercially available extra- 
cellular Gd-complexes. At normal concentrations, the 
contrast increases with increasing tissue concentra- 
tion. At high concentrations of gadolinium though, 
which can be seen in the normal urinary tract, the T2 
effect predominate and produce decreased signal 
intensity on both Tl- and T2-weighted images. 

The favorable magnetic properties of the lanthanide- 
metal are due to the large magnetic moment of gado- 
linium with seven unpaired electrons and the relatively 
slow electronic relaxation time (Burtea et al. 2008). 
The configuration of the ligand molecules and the 
number of attachments from the ligand to the central 
metal has an impact on the number of water molecules 
that are coordinated directly to the inner sphere of the 
paramagnetic complex. 

Free gadolinium is toxic in vivo, why it is impera- 
tive to bind the metal ion to a ligand. The chelated, 
inert complex is excreted 550 times faster than the 
time for renal excretion of the free gadolinium 
(Bellin 2006). Nonspecific, extracellular agents are 
hydrophilic and are rapidly excreted by passive renal 
filtration, with >95% excreted by 1 day. These agents 
are not metabolized; they have a low molecular 
weight, do not cross the intact blood-brain barrier, 
and are rapidly distributed from the vascular space 
to the interstitial compartments. 

The pharmacokinetics of the specific gadolinium 
agents differ from the nonspecific compounds, as 
they are transiently and reversibly attached to a pro- 
tein molecule. They persist in the target tissue for a 
longer time. As a result of the increased relaxivity, 
prolonged imaging is allowed. These agents behave 
similarly to the extracellular agents immediately 
after intravascular injection, but are not distributed 
in the same way to the extracellular space. Because of 
their protein binding, they are excreted partly renal 
and partly biliary (Aspelin et al. 2009). 

3.5.2 

Classification of Gadolinium Agents 

The two main categories of gadolinium agents are: 
(a) the nonspecific, extracellular compounds and (b) 
the new generation specific, high relaxivity agents 
that are attached to a protein and excreted both renal 
and biliary. 

According to architecture of the ligand, gadolin- 
ium-based agents are classified as linear and macro- 
cyclic chelates (Fig 3.3). Further subdivision groups 
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Fig. 3.3. Extracellular gadolinium-based contrast agents. From: P. Aspelin, M.-F. Bellini, J.A.Jakobsen, J.A. Webb (2009) 
Classification and Terminology. In: Thomsen/Webb: Contrast Media (Medical Radiology) 
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are ionic and nonionic agents, depending on whether 
they have a charge in solution or not. The macrocy- 
clic ligands are derived from the tetraazacyclodo- 
decane ring system, which forms a rigid cage to fit 
the coordination sphere of the Gd3+ ion (Frenzel 
et al. 2008). The linear ligands DTPA support and 
twine around the Gd3+ ion but are not encaging the 
metal. The linear chelates thus appear more open 
and flexible than the rigid macrocyclic agents. The 
gadolinium contrast agents commercially available 
to date are: 

1. Nonspecific extracellular gadolinium chelates: 

(a) Linear; ionic ligand 

Gadopentetate dimeglumine (Magnevist®, Bayer 
Schering Pharma, Germany) 

(b) Linear; nonionic ligands 

Gadodiamide (Omniscan®, GE Healthcare, USA) 
Gadoversetamide (Optimark®, Covidien, USA 

(c) Macrocyclic; ionic ligand 

Gadoterate meglumine (Dotarem®, Guerbet, 
France) 

(d) Macrocyclic; nonionic ligands 
Gadobutrol (Gadovist, Bayer Schering Phar- 
ma, Germany) 

Gadoteridol (ProHance®, Bracco, Italy) 

2. High relaxivity agents. Linear and ionic ligands 

Gadobenate dimeglumine (MultiHance®, Brac- 
co, Italy) 

Gadofoveset trisodium (Vasovist™, Bayer Scher- 
ing Pharma, Germany; EPIX Pharmaceuticals 
Inc., USA) 

Gadotexetate disodium (Primovist™, Bayer 
Schering Pharma, Germany) 

In clinical practice, the Tl relaxivity profiles appear 
as identical for the nonspecific, extracellular agents 
(Van Der Molen and Bellin 2008). The Tl relaxiv- 
ity is increased for the more specific gadolinium- 
based agents as a result of the transient interaction 
with serum albumin (Bellin 2006). Gadobenate 
(MultiHance) is partly excreted biliary and is intro- 
duced for liver and CNS imaging. In practice, this 
contrast is mainly used as an extracellular agent. 
Gadofoveset (Vasovist) has been introduced for MR 
angiography as a blood-pool agent. Imaging is pos- 
sible for a prolonged period of time after injection 
(from 5 to 50min). Gadotexetate (Primovist; former 
Eovist) is intended for liver conditions as taken up by 
the hepatocytes. It is equally excreted renal and bil- 
iary (Fig. 3.3). 



3.5.3 

Stability and Transmetallation 

Gadolinium-based MR agents are among the safest 
compounds in medical imaging. Minor adverse 
effects associated with these agents occur infre- 
quently and include nausea, headache, and taste per- 
version. The gadolinium agents cannot be 
differentiated on the basis of these mild adverse 
effects. But recent studies have brought to light the 
issue of chelate stability, particularly following the 
observations associated with the least stable of these 
agents (Kirchin and Runge 2003). Strong evidences 
indicate that the safety is closely related to the stabil- 
ity of the gadolinium-complex not to release the free 
gadolinium ions to the environment, so-called trans- 
metallation. The stability of the complexes depends 
to a major degree on the molecular structure of the 
ligand. Cyclic agents are generally more stable than 
their linear counterparts. 

The dissociation of Gd3+ from its ligand is an 
equilibrium process, defined by two independent 
parameters, kinetics and thermodynamic stability. In 
vivo, the Gd complex is surrounded by several com- 
petitors to act with either the ligand or the Gd3+ ion. 
Proteins, inorganic ions, or organic ligands are ready 
to accept the Gd3+ ion, whereas metal ions like cop- 
per or zinc may compete with gadolinium and dis- 
place Gd3+ from the chelate. This competition may 
destabilize the complex and shift the dissociation 
equilibrium toward its free components for further 
binding to other partners. The process of exchange is 
called transmetallation. Transmetallation of Gd3+ 
has been discussed as one of the major factors asso- 
ciated with the development of NSF, as observed in 
patients with severe renal impairment or acute renal 
insufficiency. 



3.6 



Conclusions 

MR imaging with modern equipment enables 
detailed morphologic information and functional 
data of the gastrointestinal tract. The optimal study 
is debatable, but the oral administration of contrast 
is faster, easier to perform, better tolerated by the 
patients, and less expensive. The oral method can be 
used to visualize the entire gut. But the preferred 
method for the imaging of the large bowel is the rec- 
tal administration of contrast. MR enteroclysis might 
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be reserved for selected cases as a second-line study 
of the small bowel. 

The dominating contrast agent in gastrointestinal 
imaging is water or water-based solutions. The signal 
characteristics are equal to the signals of water; it is 
therefore correct to use the designation MR hydrog- 
raphy for examinations based on watery solutions. 
But adequate distension of the small intestine is hardly 
achieved with oral agents unless a nonabsorbable sol- 
ute is admixed in the solution. The level of osmolarity 
depends on the number of osmotic particles and a 
small volume of a concentrated agent has therefore 
the exact same distending effect as a larger volume of 
a more diluted agent. 

The intravenous paramagnetic agents are based 
on gadolinium-chelates for the most. The majority of 
these media have a nonspecific action as being dis- 
tributed in the extracellular space. But research cen- 
ters worldwide are focusing on the innovation of 
tissue-specific agents with higher relaxivity and 
agents designed for molecular imaging. The improved 
and more precise enhancement of the pathologic tar- 
get tissues in the near future will certainly have a tre- 
mendous impact on the quality of MR imaging. 
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KEY POINTS 



Dynamic contrast-enhanced (DCE) MRI and 
diffusion-weighted (DW) MRI provide valuable 
information on tissue perfusion, vascular leakage, 
and water diffusion. DCE-MRI has yet to be inte- 
grated into mainstream clinical practice, but it has 
a role in oncological practice, drug development, 
and therapeutic assessment by providing evidence 
of an anti-vascular effect. DW-MRI is being inte- 
grated increasingly into oncological practice as it 
provides information on tissue cellularity, and it 
may aid tissue characterization, tumor detection, 
and therapeutic assessment. While these tech- 
niques remain challenging for bowel imaging, they 
are gaining favor in abdominal imaging. 

This chapter reviews the pathophysiological 
basis of these imaging techniques, technical issues 
and challenges, and potential clinical applications 
for gastrointestinal imaging. Present experience 
primarily concerns colorectal cancer and some ini- 
tial studies in Crohn's disease. 



Vicky Goh,MD 

N. Jane Taylor, PhD 

Paul Strickland Scanner Centre, Mount Vernon Hospital, 
Northwood, London, UK 



4.1 



Introduction 

The ability of MRI to assess tissue perfusion, vascular 
leakage, and water diffusion provides unique in vivo 
information on underlying physiology, and also 
perhaps on disease. In clinical practice, these tech- 
niques are gaining favor as biomarkers, particularly in 
the oncological setting, for example, for tumor detec- 
tion, characterization, and therapeutic assessment. 
MRI techniques to assess tissue vascularity include 
intrinsic-contrast (blood oxygenation level depen- 
dent, BOLD) and extrinsic contrast-enhanced (dyna- 
mic contrast-enhanced MRI, DCE-MRI) techniques. 
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BOLD-MRI is sensitive to paramagnetic deoxyhe- 
moglobin within red blood cells in perfused vessels 
and the induced microscopic magnetic field changes 
in adjacent surrounding tissue. Deoxyhemoglobin 
increases the apparent transverse relaxation rate of 
water in blood (R 2 *), thus BOLD-MRI may provide 
information on red cell delivery and the level of 
blood oxygenation, the "hypoxic blood volume." 
BOLD-MRI is challenging: the signal-to-noise ratio 
is low, and the relationship between R 2 * and tissue 
p0 2 is nonlinear. Furthermore, as tissue perfusion is 
required to gain information on oxygenation status, 
chronic hypoxia is less likely to be reflected by BOLD- 
MRI. There have been a few human studies mainly on 
prostate (Alonzi et al. 2009; Hoskin et al. 2007; 
Taylor et al. 2001), and this technique will not be dis- 
cussed further in this chapter. 

Contrast-enhanced techniques may inform on tis- 
sue perfusion, blood volume, and vascular leakage. 
Kinetic modeling of the contrast agent concentration- 
time curve following intravenous administration of 
low molecular weight gadolinium-based contrast agent 
allows these parameters to be quantified, for example, 
j£tran S) wn i cn reflects perfusion and vascular leakage 
using a generalized kinetic model of dynamic contrast- 
enhanced Tl GRE data. As abiomarker of angiogenesis, 
DCE-MRI techniques have been used predominantly 
in the oncological setting for novel drug evaluation 
(Morgan et al. 2003; Thomas et al. 2005), but have also 
been performed to evaluate the effects of radiotherapy, 
for example, in colorectal cancer (De Lussanet et al. 
2005; De Vries et al. 2000,2001). Outside of this setting, 
there have been few bowel studies. For example, small 
studies have evaluated the use of DCE-MRI in Crohn's 
disease (Taylor et al. 2009; Horsthuis et al. 2009). 

Diffusion-weighted MRI (DW-MRI) assesses the 
motion of water molecules in the body, providing infor- 
mation on cellular density and tissue composition. As a 
potential biomarker of cellularity, this technique is 
showing promise in the oncological setting, for exam- 
ple, tumor detection (Rao et al. 2008; Hosonuma et al. 
2006) and therapeutic assessment (De Vries et al. 2003; 
Dzik-Jurasz et al. 2002; Hein et al. 2003). Data remain 
limited and currently there are little published data of 
the bowel per se (Kiryu et al. 2009). 

m 

Dynamic Contrast-Enhanced MRI (DCE-MRI) 

The administration of an intravenous contrast agent 
and subsequent kinetic modeling of its behavior in the 



tissue of interest allows quantification of several param- 
eters which provide insight into the macro and micro- 
circulation. The most commonly used contrast agents 
are micromolecular or "low molecular weight" agents 
(typically <lkDa), which are predominantly gadolin- 
ium-based and effectively diffuse freely between the 
intra and extra-vascular extracellular compartments. 
The rate at which low molecular weight contrast agents 
pass from the intravascular space to the extravascular- 
extracellular space, and return to the intravascular 
space over time following bolus injection differs for 
normal tissue, inflamed tissue, and tumor. This can be 
exploited to provide lesion-tissue-specific information. 
A number of factors influence this process: the rate of 
tissue delivery, vessel surface area, and the leakiness of 
the underlying vessels. 

Transfer constant (K trans ), rate constant (& ep ), leak- 
age space (v e ), and plasma volume (v p ) are parameters 
that may be quantified from dynamic Tl -weighted 
imaging while relative perfusion, blood volume, and 
mean transit time maybe assessed from T2*-weighted 
imaging. Tl parameters are favored in practice as T2* 
DCE-MRI parameters are challenging to quantify 
outside of the cranial circulation. This is due to the 
high first-pass extraction of contrast agent and the 
need for high-time resolution imaging, which pre- 
cludes the use of navigator and breath-hold tech- 
niques that usually facilitate imaging in areas 
susceptible to motion. What Tl parameters reflect in 
vivo depends on the tissue and contrast agent studied. 
IC mn \ the rate of extraction of contrast from the intra- 
vascular compartment, is the most commonly applied 
parameter in tumor assessment. It is influenced pre- 
dominantly by inflow in the majority of extracranial 
tumors, k , the backflow of contrast into the intravas- 
cular compartment, is influenced by inflow, vascular 
permeability, and interstitial pressure. Both provide 
an indirect measure of angiogenesis but K tmns has a 
greater dynamic range. Plasma volume reflects the 
functioning vascular volume, which is increased with 
angiogenesis. The leakage space reflects the volume of 
the extr avascular- extracellular space or interstitium. 

4.2.1 

Technical Parameters 

Different MR sequences may be applied to character- 
ize the tissue vasculature (Table 4.1 and Table 4.2). 
Tl -weighted sequences are sensitive predominantly to 
contrast in the extravascular-extracellular space 
(EES), although there is also a relatively small vascular 
contribution to the signal. Tissue enhancement occurs 
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via shortening of the Tl relaxation time (Fig. 4.1) and 
can be better observed with T 1 -w images. T2* -weighted 
sequences are more suited to monitor the passage of 
contrast medium in the vascular bed, i.e., a bolus track- 
ing technique. Decrease in signal intensity (susceptibil- 
ity effects) occurs because of the magnetic susceptibility 
difference between the intravascular space, owing to the 
presence of highly concentrated contrast medium, and 
the surrounding environment (Fig. 4.1). The dose of 
contrast agent and method of administration is depen- 
dent on the MRI protocol performed (Table 4.1). 

In general, MRI has a good intrinsic signal-to-noise 
ratio, but the relationship between signal intensity 
change and contrast agent concentration is not simple. 
Many factors influence MR signal intensity including 
sequence type, echo times (TE), repetition times (TR), 
flip angle of the nuclear spins, proton density, the Tl 



Table 4.1. Comparison of the characteristics of Tl- and T2*- 
weighted experiments 



DCE-MRI 


T1W 2D or 3D 


T2*W 2D 


Contrast dose 


0.1 mmol/kg 


>0.2 mmol/kg 


Typical volume 


10-15mL 


25-35 mL 


Injection rate 


3-5mL/s bolus 


4-6mL/s bolus 


Acquisition type 


Single level/ 
volume 


Single level 


Slice thickness 
(mm) 


2-8 


2-8 


Data sampling 


3-12 s for 5-7 min 


1-2 s for 1-2 min 


SNR of technique 


Very high 


Low 


Signal change 
observed/magni- 
tude of effect 


Increase/large 


Decrease/small 


Kinetic analysis 


General multi- 
compartment 
model 


Gamma variate 
fitting 

Central volume 
theorem 



and T2 relaxation times of the tissue under investiga- 
tion, and the concentration and type of contrast agent 
present. Paramagnetic contrast agents shorten the 
characteristic Tl relaxation times of tissues by allow- 
ing the magnetic moments of the hydrogen nuclei to 
return faster to their equilibrium-state after the appli- 
cation of an RF pulse, influencing signal intensity in 
an exponential fashion. However, other factors, e.g., 
the concentration of hydrogen nuclei (proton density), 
affect signal intensity; thus quantification is complex. 
Tl at a time t after contrast administration is given 

by: 



rift) ri(o) 

Where: T1(0) is the initial Tl of the tissue, R 1 the 
Tl relaxivity and C f the contrast at time t. 

If the initial Tl values and the relaxivity are 
known, and the ri at time t can be calculated from 
the DCE-MRI sequence, the contrast agent concen- 
tration at time t can be calculated. In practice, acquir- 
ing Tl measurements at the speed needed for accurate 
quantification requires either (1) the use of image 
ratios and calibration curves for a given sequence 
(Parker et al. 1998); (2) optimization of sequence 
parameters to ensure that signal intensity is as linear 
as possible with contrast concentration over the 
probable range of Tl values (Wang et al. 1987); or (3) 
measurement of Tl directly at high temporal resolu- 
tion using EPI (Gowland and Mansfield 1993). 



4.2.2 

Kinetic Modeling 
4.2.2.1 

Experiments Using Tl -Weighted Sequences 

During a Tl -weighted experiment, an increase in tis- 
sue signal intensity occurs due to the Tl shortening 
effects of gadolinium (see previous section). This 



Table 4.2. Typical acquisition parameters for Tl- and T2*-weighted sequences for abdomino-pelvic DCE-MRI 



Sequence TR (ms) TE (ms) FA NEX Slice no/ FOV (mm) Matrix 

thickness (mm) 



Proton density 3-6 1-2 2° 4 20/5 200-350 256 x 256 
(Tl mapping) 

Tl (3D GRE) 3-6 1-2 24° 1 20/5 200-350 256 x 256 

T2* (2D GRE) 30-35 20 40 1 3/8 200-350 64 x 128 
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Fig. 4.1 . Dynamic contrast-enhanced MRI parametric maps 
for a rectal cancer at staging. The typical signal intensity 
time curves for a Tl and T2* GRE sequence, transfer constant 
(iC rans ), and extracellular leakage space (v ) maps (top row) 
and relative blood volume (rBV) and relative blood flow (rBF) 



maps (bottom row) are shown with areas of high value color 
coded white and low value blue. The IC mns and v e color maps 
demonstrate the heterogeneity within tumors. Inflammation 
at the luminal surface often results in an increase in iC rans 
(reproduced with permission from Elsevier; Goh et al. 2007) 



change in signal intensity over time can be plotted as 
a graph and assessed qualitatively. Maximal enhance- 
ment, slope of the enhancement curve, and area 
under the enhancement curve are qualitative param- 
eters that can be obtained. Alternatively, quantitative 
parameters may be obtained by converting signal 
intensity to contrast agent concentration values for 
each time point, and kinetic modeling. Given the 
dependency of signal intensity on acquisition factors 
(see previous section), conversion of signal intensity 
to gadolinium concentration is necessary for quanti- 
fication. The most widely used model is the general 
kinetic model modified from the Kety model (Kety 
1951; Tofts 1997; Tofts et al. 1999). This model pro- 
vides information of the rate of contrast extraction 
(transfer constant, K 1 ™™; units/min), fractional extra- 
cellular leakage space (v e ; units %), and rate of con- 
trast return from the extravascular-extracellular 



compartment to the vascular compartment (rate 
constant, fc ep ; units/min). These parameters are evalu- 
ated most commonly in clinical practice (Leach et al. 
2005). 

The contribution of intravascular contrast to tissue 
contrast often is assumed to be negligible. With this 
assumption, the change in tissue contrast concentra- 
tion over time is denoted by the following equation: 

-^ = K t -c v -K v c t> 

where C t = tissue extravascular-extracellular com- 
partment contrast concentration;C p = blood plasma 
contrast concentration; K 1 ™™ = transfer constant; k ep = 
rate constant; or K trans /v e . where v e = fraction of tissue 
volume occupied by the EES (Kety 1951; Tofts 1997; 
Tofts et al. 1999). 
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This may also be extended to provide information 
of the fractional plasma volume (v ; units %) (Parker 
et al. 1998). By using the following equation: 



C t =v p C p + v e C e 



Together with the rate equation above, we obtain the 
solution to the tissue concentration Cit) 



C t (t) = v v C p (t)+K t ™ ns \ t C p (t')xexp 



-K tmm (t-t') 



df, 



where C t = tissue extravascular-extracellular compart- 
ment contrast concentration; C p = blood plasma con- 
trast concentration; K trans = transfer constant; k ep = rate 
constant; v e = fraction of tissue volume occupied by the 
EES; v p = fractional plasma volume. 

Depending on the balance between flow and per- 
meability in the tissue of interest, IC rans may reflect 
predominantly flow, permeability, or both: 

^ trans = Q_ e _ps/F(l-Hct)) Fp(l-Hct), 

where F =flow; PS = permeability surface area prod- 
uct; p = tissue density; Hct = hematocrit. 
If vessel permeability is high (PS>>F), then this 
approximates to the blood plasma flow per unit vol- 
ume of tissue, i.e.,iC trans = Fp (1-Hct). If vessel perme- 
ability is low (PS<<F), this approximates to 
permeability surface area product, i.e. y ^ rans = PSp. In 
untreated extracranial tumors, there is an overall 
tendency for the influence of flow to outweigh that of 
permeability surface area product. iC trans is heteroge- 
neously distributed in primary colorectal cancer. At 
regions where the permeability surface area product 
is high compared with flow, such as at the peripheral 
highly angiogenic rims of tumors, iC trans estimates are 
dominated by plasma flow. At regions where perme- 
ability is low compared with flow, usually within the 
tumor center, K 1 ™™ predominantly reflects permea- 
bility surface area product. The "mixed situation" 
occurs most commonly where neither flow nor per- 
meability surface area product predominates. Further 
modeling approaches have attempted to separate the 
contributions of blood flow, blood volume, and per- 
meability surface area product to the signal intensity 
change with DCE-MRI,but these approaches are cur- 
rently too demanding for routine clinical use. Other 
publications provide in-depth detail of such 
approaches (Tofts 1997; Tofts et al. 1999; Parker 
et al. 2006). 



4.2.2.2 

Experiments Using T2*-Weighted Sequences 

Relative perfusion and blood volume may be esti- 
mated from T2* experiments via gamma variate fit- 
ting of the contrast agent concentration-time curve. 
The gamma variate is a mathematical function used 
to describe probability distributions (Davenport 
1983). The least-squares method is commonly 
employed for curve-fitting to correct for effects of 
recirculation so that only the first pass is modeled. 
Direct quantification outside the brain is technically 
challenging due to artifacts from nonlaminar vascu- 
lar flow, high vascular permeability resulting in loss 
of compartmentalization, and the subsequent com- 
petition with signal-enhancement effects caused by 
contrast media leakage (the Tl effects as described 
above). Nevertheless, semiquantitative values may be 
obtained outside the cranial circulation: relative tran- 
sit time from the full- width-half-maximum of the fit- 
ted curve and relative blood volume to be obtained 
from the integral of the curve. Relative blood flow can 
be determined from these measurements as defined 
by the central volume theorem: 



BF: 



BV 
MTT 



where BF = blood flow; BV = blood volume; MTT = 
mean transit time. 

4.2.3 

Histopathological Validation 

Qualitative and quantitative colorectal cancer Tl 
kinetic parameters have been correlated with histo- 
logical markers of angiogenesis. Tunckbilek et al. 
noted a negative correlation between time to peak 
enhancement and microvessel density (Tunckbilek 
et al. 2004), corroborated by Zhang et al, who also 
noted that time to peak was shorter in VEGF express- 
ing tumors (Zhang et al. 2008). George et al. noted a 
positive correlation between serum vascular endothe- 
lial growth factor and K trans (George et al. 2001); how- 
ever, another study has found no relationship between 
K trans and serum/tumor vascular endothelial growth 
factor or microvessel density (Atkin et al. 2006). 
Positive correlations between Tl kinetic parameters 
and microvessel density have been found in other 
cancers including prostate (Schlemmer et al. 2004), 
breast (Teifke et al. 2006; Turetschek et al. 2001; 
Buckley et al. 1997), and cervix (Hawighorst et al. 
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1998). Qualitative Tl kinetic parameters such as max- 
imal enhancement and slope of the enhancement 
curve have been correlated positively with tumor 
grade in colorectal cancers (Tunckbilek et al. 2004), 
but negatively in renal cancers reflecting the degree 
of necrosis (Yabuki et al. 2003). 

4.2.4 

Measurement Reproducibility 

For any quantitative technique to be useful on an indi- 
vidual patient basis, good measurement reproducibil- 
ity is essential. While there are no data specific for 
colorectal cancer or the large bowel, both qualita- 
tive and quantitative MRI measurements have been 
shown to be reproducible in cancer, e.g., a coefficient of 
variation <20% for IC mns (Morgan et al.2006; Lankester 
et al. 2005, 2007). This variability is lower than the 
expected vascular effect of many antivascular therapies 
in current use and undergoing clinical evaluation. 



4.2.5 

Clinical Studies 

Within the field of oncology, the main role of DCE- 
MRI has been in novel drug development. In early- 
phase clinical studies, DCE-MRI may define a 
biologically active dose that is lower than the tradi- 
tional maximum-tolerated dose, provide early evi- 
dence of drug activity (Morgan et al. 2003; Thomas 
et al. 2005; Galbraith et al. 2003), and aid schedul- 
ing, which is pertinent for antivascular drugs that 
have a biological effect but minimal effect on tumor 
size. For example, in a Phase 1 study of PTK787/ZK 
222584 (Vatalanib), a multiple vascular endothelial 
growth factor receptor inhibitor, in 26 metastatic col- 
orectal cancers, DCE-MRI demonstrated drug activ- 
ity with a 43% decrease in bidirectional transfer 
constant within 33 h of single drug dose; and a sus- 
tained reduction with dose increase to > 1,000 mg on 
day 28 (Morgan et al. 2003). However, it is recog- 
nized that the relationship between biological effect 
and long-term outcome is complex (Jain et al. 2006). 
Bevacizumab has been one of the success stories in 
colorectal cancer: a 40-60% reduction in vascularity 
within 2 weeks of single dosing in early-phase studies 
(Willett et al. 2004), was followed by improvement 
in disease-free survival in Phase III studies (Hurwitz 
et al. 2004), but other novel drugs that have shown 
marked antivascular effect in early-phase trials have 



been ultimately disappointing in larger Phase III tri- 
als where progression-free or overall survival have 
been the end point (Jain et al. 2006). 

DCE-MRI has also been performed in primary 
colorectal cancer to assess the vascular effect of radio- 
therapy. With the increasing use of antivascular/anti- 
proliferative drugs in combination with radiation or 
chemoradiation, a better understanding of the in vivo 
acute and chronic vascular effects of radiation is nec- 
essary to facilitate treatment scheduling. Acutely, an 
increase in vascular permeability and perfusion may 
occur as a consequence of endothelial cell damage 
and inflammation, and possibly due to further new 
vessel formation. In the longer term, a decrease in 
vascular permeability is always seen due to basement 
membrane thickening, extracapillary fibrosis, and 
endothelial damage. Reduction in microvessel func- 
tion from thrombosis and obliteration of the vessel 
lumen also occurs. This has been shown in a study of 
the weekly changes in vascularity during chemora- 
diation. A substantial increase in mean perfusion 
index in the first 2 weeks of treatment (from 100 to 
125;p < 0.01), but reduction in mean perfusion index 
by week 4 of treatment occurred (DeVries et al. 
2000). Other studies have demonstrated a reduction 
in rectal cancer vascularity following chemoradia- 
tion, e.g., mean transfer constant, K tmns of 6.5 vs. 26.5 
in treated vs. untreated patients (De Lussanet et al. 
2006), and reduction in mean In K tmns from -0.46 to 
0.86 (George et al. 2001). 

Few bowel DCE-MRI studies have been published 
outside of the field of oncology because of the chal- 
lenges of bowel imaging posed by a small target vol- 
ume, peristaltic and respiratory movement, and 
susceptibility at the air-tissue interface. Small studies 
have performed DCE-MRI in Crohn's disease where 
slope of enhancement, a semi- quantitative parameter, 
has correlated negatively with microvessel density 
(r = -0.86 p = <0.001) and positively with disease 
chronicity suggesting that chronic low perfusion may 
stimulate new vessel formation (Taylor et al. 2009). 
Semi-quantitative parameters such as curve shape 
have also been found to correlate with disease score in 
perianal Crohn's disease (Horsthuis et al. 2009). 

m 

Diffusion-Weighted MRI (DW-MRI) 

Diffusion-weighted MRI provides information of the 
diffusion of water molecules within the body. In vivo, 
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the movement of water molecules is not random but 
restricted by a high cellular density, interaction with 
cell membranes, intracellular elements, and macro- 
molecules (Stejskal and Tanner 1965; Le Bihan 
et al. 1988; Chenevert et al. 1990), and thus is much 
less than pure water. On current standard MRI scan- 
ners, the diffusion interval is in the order of 40-80 ms; 
thus at body temperature the average diffusion dis- 
tance is in the order of 30 |um (Norris 2001), making 
DW-MRI sensitive to changes at a cellular level. 

Diffusion in vivo is affected by water exchange 
between the intravascular and extravascular-extra- 
cellular space and the characteristics of the extravas- 
cular-extracellular space. In clinical practice, this 
can be exploited to provide indirect assessment of 
tumor cellularity. Although diffusion-weighted imag- 
ing has potential as a cancer biomarker, technical 
issues such as standardization, reproducibility, and 
histological validation still require further evaluation 
(Padhani et al. 2009). 

4.3.1 

Technical Parameters 

The motion of the water molecules within the intra- 
vascular space, extravascular-extracellular space, and 
intracellular space is detected as a reduction in signal 
intensity. The sensitivity to water motion can be 
altered by changing "fo-values," which predominantly 



reflect the amplitude of gradient pulses applied dur- 
ing MRI. Water molecules with a large degree of 
motion will show signal attenuation at low"fo-values," 
while slow-moving molecules will only show gradual 
signal attenuation with increasing "b- values" (Fig. 
4.2). For example, blood flow signal is rapidly attenu- 
ated at low fo-values (0-150 s/mm 2 ). In a diffusion 
experiment, the optimal fo-value for a tissue is such 
that the fo-value multiplied by the apparent diffusion 
coefficient is equal to 1. The diffusion equation is 
given by: 

S _ -y 2 G 2 8 2 (A-8/3)D _ -bD 

where S Q is the signal without diffusion gradients, S is 
the signal with diffusion gradients, yis the gyromag- 
netic ratio, G is the diffusion gradient strength, S is the 
gradient duration, A is the interval between the two 
diffusion gradients, and D is the diffusion coefficient. 

Rearranging the above for D, the diffusion within 
a given voxel can be calculated and this is termed the 
apparent diffusion coefficient (ADC), which can be 
displayed as a parametric image. 

This Stejskal and Tanner approach to DW-MRI is 
the basis of many sequences (single-shot echo planar 
imaging) in clinical use today (Table 4.3) (Stejskal 
and Tanner. 1965). It is important during image 
acquisition to optimize signal-to-noise ratio (SNR),fat 
suppression, and to reduce artifacts, e.g., from motion, 
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Fig. 4.2. Rectosigmoid cancer coexisting with diverticular (e) shown. The cancer appears of high signal intensity on the 
disease: axial T2 GRE image (a), DWI EPI image (b = 0 and high fr-value DWI image and of low signal intensity on the 
800 s/mm 2 ; b, c), fused T2 and DWI image (d) and ADC map ADC maps reflecting restriction of diffusion 
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Table 4.3. Typical acquisition parameters for DW-MRI 



1.5-T protocols 


Abdomen 


Pelvis 


Sequence type 


Single-shot echo 
planar imaging 


Single-shot echo 
planar imaging 


TR (ms) 


2,500 


2,900 


TE (ms) 


60-90 


80-100 


FOV (mm) 


300 


300 


Matrix 


128 X 128 


128 X 128 


Fat suppression 


Y 


Y 


Parallel imaging 
factor 


2 


2 


EPI factor 


128 


128 


Signal averages 


4 


4 


Section thickness 
(mm)/total 


5/20 


5/20 


Directions of 
MPGs 


3 


3 


fr- values (s/mm 2 ) 


0, 100, 250, 500, 750 


0, 100, 500, 800 


Pixel bandwidth 
(Hz) 


1,500 


1,500 


Breathing 


Respiratory- 
triggered 


Free-breathing 



incomplete fat suppression, eddy currents induced by 
diffusion gradients, and EPI techniques. Signal to noise 
and artifacts can be improved by using as short a TE as 
possible (e.g., 60-90 ms at 1.5 T); performing multiple 
averaging, particularly at higher fo-values, to compen- 
sate for the reduction in SNR; applying parallel imag- 
ing to reduce the echo train length, acquisition time, 
and also susceptibility and field inhomogeneity arti- 
facts. Motion artifacts can be reduced in the upper 
abdomen by using respiratory/cardiac-gated tech- 
niques, and in the pelvis by the use of antispasmolytics 
to reduce peristalsis. Good fat suppression is necessary 
to reduce ghosting artifacts. 




Image Analysis 

A qualitative or quantitative approach maybe taken to 
image analysis. For qualitative imaging (i.e., visual 
assessment of the relative attenuation of signal inten- 
sity), adequate suppression of the background signal 
from normal tissue is essential for lesion detection 



and characterization, and a sufficient degree of diffu- 
sion weighting is necessary. On high fo-value images, 
cellular tissues appear of high signal intensity. The 
disadvantage of using a qualitative approach for tumor 
detection, tumor characterization, and therapeutic 
response is that tissue T2 relaxation time also affects 
DW-MRI signal intensity. An area with a long T2 
relaxation time may remain at high signal on high 
fo-value images and be mistaken for an area of 
restricted diffusion, an effect known as "T2 shine- 
through," e.g., peripheral zone of the prostate. 

In clinical practice, quantitative analysis by plotting 
the logarithm of the relative signal intensity (/-axis) vs. 
fo-value (x-axis) allows calculation of the apparent dif- 
fusion coefficient (ADC) from the slope of the fitted 
line (monoexponential decay model; Fig. 4.2). Multiple 
fo-values are necessary to calculate the ADC. In prac- 
tice, three or more b- values improve ADC quantifica- 
tion, e.g., b = 0, >150s/mm 2 and >500s/mm 2 . The TR 
should be sufficiently long to avoid Tl saturation 
effects (predisposing to ADC underestimation). The 
experimental setup will determine whether the ADC is 
dominated by macroscopic or microscopic water 
motion. At low fo-values (< 150 s/mm 2 ), bulk water 
motion (intravoxel incoherent motion) is the predomi- 
nant factor determining ADC. At higher b- values (500- 
1,000 s/mm 2 ), ADC predominantly reflects extracellular 
space water diffusion. Flow-insensitive ADC values 
(fitting of high fo-values only, e.g., fo-values > 150 s/mm 2 ) 
may provide a more accurate estimate of the tumor 
micro environment by minimizing the intravascular 
contribution, though in highly vascular tissues, perfu- 
sion will impart significant signal attenuation over the 
low fo-value range leading to ADC overestimation. 

Region of interest analysis allows mean or median 
ADC values to be determined for the tissue of inter- 
est. Delineation should include the entire volume of 
interest. The region of interest is best contoured 
using images with the highest lesion to background 
signal. Diffusion-weighted images can be used in 
which case the bO (T2-weighted) DW-MRI images 
may be appropriate. However, lesion heterogeneity is 
not addressed by such ROI analysis. 

m 

Diffusion Tensor Imaging 

Diffusion in some tissues is directionally dependent, 
e.g., CNS and muscle. To measure this directional 
dependency, multiple different gradient directions 
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Fig. 4.3. Diffusion tensor 
imaging of the anal canal 
using a multidirectional 
EPI sequence. T2-weighted 
(a) BO (b), fractional 
anisotropy (c), and ADC 
(d) maps are shown. Color 
coding of the fractional 
anisotropy map demon- 
strates the directionality 
of diffusion: red-medial/ 
lateral; greerc-anterior/ 
posterior; blue cranial/ 
caudal 




are needed, with a minimum of six directions, though 
the greater the number (up to 32), the better the 
quality. Measures include 

(1) Fractional anisotropy (FA), the ratio of the 
anisotropic component to the whole diffusion tensor 
denned as follows (Basser and Pierpaoli 1996): 



FA(D) = Vi 



yjx? + X? + A 3 2 



and adjacent white matter tracts, i.e., infiltration vs. 
displacement; likewise in the prostate where the 
peripheral gland demonstrates anisotropy. This tech- 
nique has clinical potential in the evaluation of the 
anal canal where anisotropy is demonstrated (Fig. 4.3). 
For example, this technique might provide additional 
information to physiological studies in postpartum 
sphincter dysfunction, while in the oncological set- 
ting anal cancer infiltration vs. displacement might 
be distinguished. 



where (D) = 1/3 (A x + A 2 + A ), the mean diffusivity 
(apparent diffusion coefficient, ADC) 

(2) Relative anisotropy (RA), the ratio of the vari- 
ance of the computed eigenvalues to their mean, 
defined as follows (Basser and Pierpaoli 1996): 



Reproducibility and Histological 
Validation 



RA(D) = 



[r ^(A 1 -(D))V(A 2 -(D)) 2 + (A 3 -(^)) r 



D) 



where (D) = 1/3 (A x + A 2 + A 3 ),the mean diffusitivity 
(apparent diffusion coefficient, ADC). 

Fractional anisotropy may be less susceptible to 
noise than relative anisotropy. 

In the brain, diffusion tensor imaging (DTI) may 
be applied to assess the relationship between tumor 



At the time of writing, no reproducibility or histo- 
logical validation studies of DW-MRI of the large 
bowel have been performed. Several studies in human 
cancers have noted a negative correlation between 
cellularity and ADC (Humphries et al. 2007; 
Squillaci et al. 2004; Yoshikawa et al. 2008). One 
study incorporating assessment of observer agree- 
ment noted that agreement in the detection of rectal 
cancer was good with a kappa value of >0.8(Ichikawa 
et al. 2006). 
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Clinical Studies 

To date, few bowel studies have been performed. 
Studies have focussed primarily on cancer, though a 
study of DW-MRI of Crohn's disease has been pub- 
lished (Kiryu et al. 2009). Studies remain exploratory; 
nonetheless, initial studies show that DW-MRI has 
promise as a clinical tool. DW-MRI may improve 
lesion conspicuity and aid detection of colorectal can- 
cer (Rao et al. 2008; Hosonuma et al. 2006; Ichikawa 
et al. 2006) (Fig. 4.2). In one study, the sensitivity 
increased from 82-84% to 93-95% with the addition 
of DW-MRI to standard T2 -weighted imaging (Rao 
et al. 2008). Another study reported a mean sensitivity 
of 90.9% and specificity of 100% for DW-MRI in 33 
patients with colorectal adenocarcinoma (Ichikawa 
et al. 2006). Cellular tumors appear of high signal 
intensity on DW-MRI and of low ADC (mean ADC in 
the order of 1.19-1.41 x 10~ 3 mm 2 /s (Hosonuma et al. 
2006; Dzik-Jurasz et al. 2002). This is thought to be 
related to increased cellularity, tissue disorganization, 
and tortuosity of the extracellular, extravascular 
space. False-positive results may occur with abscesses 
on DW-MRI although ADC values are typically higher 
than for cancer (Fig. 4.4), false-negatives with cystic, 
necrotic lesions and well-differentiated tumors. Not 
all studies have demonstrated clinical benefit. In a 
whole body DWI study of 24 patients with esophageal 
cancer, the primary tumor detection rate was only 
49.4%. When applied to nodal assessment, the ADC 
was higher in metastatic than normal nodes (1.46 vs. 
1.15 mm 2 /s), but the degree of overlap precluded dif- 
ferentiation on an individual basis (Sakurada et al. 
2009). A study in 15 patients with advanced gastric 
cancer showed no additional benefit of DWI com- 
pared with contrast-enhanced CT staging (Shinya 
et al. 2007). A study of 31 patients with Crohn's disease 
of the small or large bowel has demonstrated that the 



ADC value in the disease-active areas is significantly 
lower than disease-inactive areas (Kiryu et al. 2009). 
Reference standard was either conventional barium 
examination or surgery. 

An abdominal area where DW-MRI has been 
shown to have value is in liver imaging. DW-MRI 
may aid in lesion detection as well as lesion charac- 
terization in the liver. Studies have shown that ADC 
values are higher in benign lesions vs. metastases: 
ADC: 2.95 x 10" 3 mm 2 /s and 3.63 x 10~ 3 mm 2 /s for 
hemangioma and cyst, respectively, vs. 0.94 x 10~ 3 
mm 2 /s for metastases (Taouli et al. 2003). From data 
of 136 malignant and 75 benign focal liver lesions, a 
threshold value of 1.60 x 10~ 3 mm 2 /s or less has a sen- 
sitivity and specificity of 74.2% and 75.3% for malig- 
nant disease (Parikh et al. 2008). DW-MRI has been 
shown to be feasible as an early marker of treatment 
response as cell death and vascular alterations occur 
prior to size change. An increase in ADC following 
treatment is a marker of response (Dzik-Jurasz et al. 
2002) (Fig. 4.5), though it should be noted that areas 
of fibrosis may manifest as areas of low ADC. Baseline 
tumor ADC values may be predictive of response: a 
higher fraction of ADC values are associated with 
poorer response to chemoradiation in rectal cancer, 
which has been ascribed to the presence of necrosis 
(De Vries et al. 2003). Similarly, in colorectal metas- 
tases higher baseline ADC: 2.21 x 10~ 3 vs. 1.63 x 10 -3 
mm 2 /s for nonresponders and responders to standard 
chemotherapy (Koh et al. 2007). A transient decrease 
in ADC may occur early in treatment related to cellu- 
lar swelling, reduction in blood flow, or reduction in 
the extravascular extracellular space. 



4.7.1 

Challenges for Bowel Imaging 

Outside of the field of oncology, DCE-MRI and 
DW-MRI assessment of the bowel remains technically 
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Fig. 4.4. Pelvic abscess in a patient with rectal cancer undergoing image (fr-value = 800 s/mm 2 ; b), and fused T2 and DWI (fr-value 
neoadjuvant chemoradiation: axial T2 GRE image (a), DWI EPI = 800 s/mm 2 ) images (c) demonstrate the high signal abscess 
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Fig. 4.5. Rectal cancer pre 
(a) and post (b) neoadju- 
vant chemoradiation: 
T2 GRE and fused T2 GRE 
and DWI EPI (fc-value = 
800mm 2 /s) images are 
shown. The tumor demon- 
strates a reduction in size 
and signal intensity on the 
high fr-value diffusion- 
weighted image following 
treatment 




challenging contributing to the paucity of data to date 
with little published outside the context of Crohn's 
disease (Taylor et al. 2009; Horsthuis et al. 2009; 
Kiryu et al. 2009). Peristalsis, respiratory motion, 
presence of bowel gas, and signal-to-noise issues 
affect both techniques. Peristalsis and respiratory 
motion result in blurring, phase artifacts, and partial 
volume effects from motion in and out of plane. 
Susceptibility artifact from the presence of bowel gas 
at the air-tissue boundary may be marked on suscep- 
tibility-weighted imaging, e.g., T2* sequences and 
DW-MRI resulting in considerable distortion. For 
DCE-MRI, direct estimation of the arterial input 
function remains a challenge because of inflow arti- 
fact and turbulent arterial flow within abdomino- 
pelvic vessels. Nevertheless, steps are being taken to 
surmount this with dual bolus 3D slab techniques 
explored to provide direct arterial input estimation 
(Kostler et al. 2004; Risse et al. 2006). For DW-MRI 
field, inhomogeneities remain problematic causing 
distortion, particularly on high fo-value images. 

To optimize imaging, several procedures may be 
helpful. Evacuation prior to imaging, oral or rectal con- 
trast agents can reduce the susceptibility from bowel 
gas; antiperistaltics to reduce blurring artifact can be 
given, but the beneficial effect remains controversial. 
Dedicated coils and parallel imaging techniques are 
essential to improve the signal-to-noise ratio, temporal 
or spatial resolution, and reduce artifacts. Careful 
shimming (making the magnetic field uniform) will 
improve central field homogeneity (having second- 



order shims added at installation and using them for 
auto shimming during acquisition) for DW-MRI. 

Standardization of the techniques, image analysis, 
and quantification remains an issue requiring con- 
sensus (Leach et al. 2005; Padhani et al. 2009). 
Nevertheless, these techniques are being applied 
increasingly in clinical practice as multiparametric 
imaging is increasingly recognized as a clinically 
valuable, comprehensive approach to tumor charac- 
terization and response assessment. 
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KEY POINTS 



Advances in MRI technology in recent years with the 
development of surface coils and faster sequence 
acquisition times now makes it possible to acquire 
images at high spatial resolution (small voxel size 
and field of view) with good signal-to-noise ratio. 
Different techniques are available for imaging the 
upper GI tract using either an external surface coil 
or a modified endoscope with a receiver coil mounted 
on the tip of the scope. The improved spatial resolu- 
tion enables visualization of the individual layers of 
the esophageal and stomach wall, which is not pos- 
sible when using conventional MRI techniques. 

The superior soft tissue contrast of MRI enables 
identification of tumor separate from the individ- 
ual wall layers and thus offers an additional method 
for the local staging of patients with esophageal 
and gastric cancer. There are some recognized lim- 
itations of the current staging techniques, CT, and 
endoscopic ultrasound (EUS), and it is very likely 
that these new MRI techniques will play a greater 
role in the staging of patients with esophageal and 
gastric cancer in the future. 



Angela M. Riddell, md frcs frcr 
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5.1 



Introduction 

The role of MRI in the assessment of diseases of the 
esophagus and stomach continues to evolve. Faster 
sequences incorporating the use of parallel imaging 
techniques and improvements in coil technology 
have overcome some of the initial difficulties encoun- 
tered due to poor signal-to-noise ratio and motion 
artifact from peristalsis, heart and respiration. High 
spatial resolution MRI techniques using either an 
endoluminal coil or an external surface coil have 
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been shown to be able to delineate the individual wall 
layers, indicating that the technique would be of 
value in the staging of both esophageal and gastric 
tumors (Marcos and Semelka 1999; Palmowski 
et al, 2006; Riddell et al, 2006). The majority of 
endoluminal work has been performed ex vivo and 
all techniques are yet to be validated in a large series. 
Current experience with esophageal and gastric MRI 
is relatively limited and has mainly focused on local 
staging of cancer. Some work has also been per- 
formed assessing the role of MRI for the assessment 
of esophageal motility disorders (Panebianco et al. 
2006) (see Chap. 6). The focus of this chapter is the 
development of MRI in the staging of upper GI 
malignancy. The technique currently remains within 
the realm of clinical research rather than forming 
part of the established staging algorithm. 

The principal requirements for imaging tumors of 
the esophagus and stomach are to establish the extent 
of tumor invasion into the wall, determine tumor 
resectability by establishing the relationship of the 
tumor to surrounding anatomical structures (T stage), 
and to assess nodal involvement (N Stage), Endoscopic 
ultrasound (EUS) is able to demonstrate the individ- 
ual esophageal and gastric wall layers. It is currently 
the investigation of choice for local staging of esopha- 
geal cancer enabling definition of the craniocaudal 
extent of the tumor together with the depth of tumor 
spread through the wall. The depth of tumor spread is 
one of the criteria used to determine the need for mul- 
timodality therapy; with Tl and T2 tumors mainly 
being treated with primary surgery and patients 
with T3 and T4 tumors given pre-operative chemo- 
therapy or chemoradiotherapy. A recent multi-centre 
study comparing EUS staging in esophageal cancer 
with CT staging alone demonstrated that EUS pro- 
vided additional information that changed patient 
management in one-third of cases. For the majority of 
cases (85%), EUS up-staged the patients and resulted 
in less radical treatment (Mortensen et al. 2007). The 
technique, however, does have some limitations in 
that there is a limited sonographic range, restrict- 
ing assessment of the surrounding structures; it is 
operator-dependent and is unable to differentiate 
inflammatory change from tumor infiltration. 
Computed tomography (CT) has limited soft tissue 
contrast and is not able to demonstrate individual 
wall layers reliably. Given the limitations of the cur- 
rent local staging techniques and the speed of 
advancement in MRI technology, it is quite likely that 
MRI will play a greater role in the work-up of carci- 
noma of the esophagus and stomach in the future. 



For those individuals considered likely to benefit 
from neoadjuvant therapy prior to surgery (i.e. stage 
T2N1, T3N0, T3N1), the assessment of treatment 
response assists in planning the most appropriate 
future treatment and also provides prognostic infor- 
mation. It has been shown that patients who achieve 
downstaging or complete response have significantly 
improved long-term survival (Donahue et al. 2009). 
CT and EUS rely on a reduction in size to demon- 
strate response, which clearly occurs over time. 
PET-CT offers a method of assessing response much 
more rapidly, as alterations in tumor metabolic 
activity can occur soon after the commencement of 
treatment (Mamede et al. 2007; Chuang and 
Macapinlac 2009). Standard MRI sequences dem- 
onstrate a response to treatment both in alteration 
in tumor size and also changes in signal intensity. 
Replacement of tumor with fibrosis causes a drop in 
signal intensity. However, both these features take 
time to manifest and in order to optimize treatment 
management ideally, response assessment should be 
performed at an early stage allowing for swift altera- 
tions in therapeutic regimes in patients who are 
clearly not responding. Dynamic contrast enhanced 
MRI offers a method of measuring alterations in 
blood flow and vascular permeability. A pilot study 
involving five patients with esophageal adenocarci- 
noma and two controls showed a reduction in the 
tumor vascular permeability (kTrans) after chemo- 
radiation, suggesting that this may provide a method 
for assessing early treatment response in the future 
(Chang et al. 2008). 

Between 20 and 30% of patients have metastatic 
disease at the time of presentation. Multidetector CT 
has been shown to be highly sensitive for the identi- 
fication of hepatic and pulmonary metastatic disease 
(Kuszyk et al. 1996). More recently 2- [fluorine- 18] 
fluoro-2-deoxy-D-glucose positron emission tomo- 
graphy ( 18 FDG-PET) and PET-CT have been evaluated 
and shown to increase the sensitivity for detecting 
metastatic disease; this is discussed in more detail in 
Sect. 5.4.3. The technique is undoubtedly of value in 
patient selection for radical surgery, where the mor- 
bidity from surgery is not insubstantial and it is 
essential that only those patients who are likely to 
achieve long-term survival are selected for surgical 
intervention. The metabolic activity of gastric can- 
cers is variable. The diffuse histological subtype is 
generally associated with lower FDG avidity and 
therefore the utility of PET and PET-CT for assess- 
ment of gastric cancer is less well established than 
for esophageal cancer (Mukai et al. 2006). 
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Staging laparoscopy is advocated for all gastric 
cancer patients being considered for surgery and for 
those patients with esophageal cancer that extends 
below the diaphragm. The microscopic peritoneal 
deposits are often beyond the resolution of CT and 
unless the metabolic activity is significantly increased, 
will not be identified on PET-CT. The presence of 
ascites on conventional CT has been shown to have a 
specificity of 97% and sensitivity of 51% for perito- 
neal dissemination (Yajima et al. 2006). The absence 
of peritoneal disease determined by a lack of ascites 
on CT, however, has been shown to have a sensitivity 
of only 30%, evidence that supports the need for direct 
inspection of the peritoneum (D'Elia et al. 2000). 

Identification of supraclavicular lymph nodes on 
ultrasound has also been shown to be of value in 
detecting occult metastatic disease. The addition of a 
cervical ultrasound to conventional CT staging has 
been shown to be the most cost-effective method of 
detecting metastatic disease in patients with esopha- 
geal and gastric carcinoma using "decision tree anal- 
ysis" (van Vliet et al. 2007). 

The role of MRI in evaluation of metastatic dis- 
ease is reserved essentially for the characterization of 
indeterminate liver lesions detected on CT. The MRI 
techniques used for local staging of esophageal and 
gastric cancer use a small field of view and therefore 
would be restricted to detecting metastatic spread 
close to the site of primary disease. 



5.2 



Techniques 

5.2.1 

Patient Preparation 

Patients with tumors confined to the esophagus 
require no special preparation. Prior to imaging the 
stomach, patients are starved for 4-6 h, to ensure the 
stomach is empty. For patients with tumors that 
extend into the gastro-esophageal junction or arise 
within the stomach, imaging is optimized by the 
administration of 500- 1,000 mL water to distend the 
stomach and the administration of an antiperistaltic 
agent, such as hyoscine bromide, prior to scanning. 
Dependent upon the location of the tumor within the 
stomach, the patient will either be positioned prone 
or supine, to improve tumor visualization. 

To reduce cardiac motion artifact when imaging 
the esophagus and gastro-esophageal junction, ECG 



gating is often used. The R wave on the ECG is used to 
trigger each RF pulse. The system can be set to trigger 
an RF pulse at every second or third R wave, enabling 
manipulation of the Effective TR' allowing for both 
Tl- and T2-weighted imaging to be performed. 

Particular attention is needed to position the coil 
when using an external surface coil. The center of the 
coil must be placed over the tumor to maximize the 
signal-to-noise ratio achieved. Fast sequences such 
as single shot T2-weighted sequences reduce the 
impact of artifact related to respiration, swallowing, 
and cardiac motion, which can degrade the image 
achieved using a turbo spin-echo T2-weighted sequence. 
However, delineation of tumor with respect to the 
surrounding layers of the esophageal wall is less 
clearly defined than when using a TSE T2-weighted 
sequence. Therefore, it is often necessary to use a 
combination of both types of sequence to optimize 
the images acquired. 

5.2.2 

Conventional MRI 

Initial studies investigating the use of MRI for the 
assessment of esophageal cancer used a variety of 
magnetic field strengths (0.35-1.5 T) with a slice thick- 
ness of 3- 1 0 mm. The studies used T 1 - and T2-weighted 
images, acquiring images in the axial and sagittal plane 
with ECG-gating (Quint et al. 1985; Nakashima et al. 
1997). MR imaging of the stomach most often uses a 
combination of Tl -weighted spoiled gradient echo with 
and without contrast enhancement and T2 -weighted 
single shot turbo spin-echo sequences using breath- 
hold techniques to avoid misregistration errors. The 
field of view (FOV) used is 400 x 400 mm with a matrix 
size of 192 x 256 mm and a slice thickness between 8 
and 10 mm, giving a voxel size of between 25.96 and 
32.45 mm 3 . Images are acquired in the axial plane 
together with sequences perpendicular to the plane of 
the tumor to asses for resectability (Matsushita et al. 
1994; Marcos and Semelka 1999). 

5.2.3 

High-Resolution MRI 

5.2.3.1 

External Surface Coil 

The advent of multichannel receiver coils has 
improved the signal-to-noise ratio achieved from 
structures further removed from the receiver coil. 
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Table 5.1. Sequence parameters used for High-Resolution MRI using an external surface coil 



Parameter 


Sagittal TSE T2W 


Axial TSE T2W 


Axial TSE T2W 
with cardiac gating 


Single shot 
coronal T2W 


FOV (mm) 


400 


225 


250 


375 


Matrix (mm 2 ) 


263 x 1,024 


224 X 256 


296 x 512 


144 x 256 


Slice thickness / 
gap (mm) 


3/0.4 


3/0.3 


4/0.4 


5/1.0 


TSE Factorfactor 


35 


16 


24 


91 


TR (ms) 


3,500 


3,620 


3,000 


830 


TE (ms) 


120 


80 


90 


80 



NSA 4 6 8 



High-resolution images of the esophagus (voxel size 
between 1.62 and 2.65 mm 3 ) can be achieved using an 
external 5 -channel cardiac coil and a 1.5-T system 
(Riddell et al. 2006). The technique uses T2-weighted 
sequences, the parameters of which are illustrated in 
Table 5.1. The sagittal sequence enables planning of 
high-resolution axial images perpendicular to the 
long axis of the tumor. As a consequence, the depth of 
extramural extension of disease can be accurately 
measured and correlated with the corresponding 
pathology section. The image acquired also depicts 
the true relationship of tumor to surrounding ana- 
tomical structures within the posterior mediastinum. 

For tumors at the gastro-esophageal junction, a 
single-shot coronal T2-weighted sequence is also 
acquired, which demonstrates the cranio-caudal 
extent of the tumor and establishes the extension of 
disease above and below the diaphragmatic hiatus. 
The distribution of tumor above and below this land- 
mark effectively corresponds to the Siewert and Stein 
Classification of gastro-esophageal junction (GOJ) 
tumors (Siewert and Stein 1998): with Type I GOJ 
tumors located above the hiatus, Type II straddling 
the hiatus and Type III tumors primarily involving the 
gastric cardia but extending up to the hiatus. The dis- 
tinction into subtypes has implications for operative 
planning, with Type I tumors requiring a thoraco- 
abdominal approach to achieve an adequate margin 
on the tumor and mediastinal nodal clearance. Type 
III tumors are resected from the abdomen alone and 
generally require a total gastrectomy. The treatment 
of Type II tumors is variable, but the consensus view is 
that their biological profile is more akin to Type III 
tumors and as such that they should be treated in a 
similar fashion (Siewert et al. 2005). As such, MRI 



should in the future be able to assist in surgical plan- 
ning for these patients. 

Diffusion-weighted imaging shows some early 
promise in locally advanced (T3/T4) tumors, show- 
ing resticted diffusion (Sakurada et al. 2009). 
However, this pilot study was not able to detect early 
tumors. It is hoped that the technique may help to 
differentiate benign from malignant lymph nodes. It 
is widely acknowledged that the use of size as a crite- 
rion for distinguishing nodal involvement is inade- 
quate, with microscopic foci of disease often being 
present within nodes considered to be within normal 
limits for size. Malignant nodes show more resticted 
diffusion than reactive nodes. However, the results 
from this pilot study showed overlap between the 
two groups. Clearly, further research is required to 
establish the future role of this emerging technique 
in the evaluation of upper GI malignancy. 

5.2.3.2 

Endoluminal: Endoscopic and Expandable surface 
coils 

Endoscopic MRI is performed with a receive-only 
coil mounted on the tip of a standard endoscope. The 
endoscope contains light and fibreoptic bundles and 
can be manipulated in multiple directions to allow 
for precise placement of the coil adjacent to the 
tumor. In the esophagus, axial images are acquired 
using a body coil to localize the tip of the MRI endo- 
scope. Once in an optimum position, a balloon 
attached to the tip of the endoscope is inflated to 
prevent movement of the endoscope during scan- 
ning, due to the action of peristalsis and swallowing. 
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The inflated balloon also serves to separate the coil 
from the mucosa by a few millimetres, which improves 
image quality. The proximity of the coil to the esoph- 
agus increases signal-to-noise ratio, enabling a small 
FOV and thin slice acquisition to be employed, result- 
ing in improved in-plane resolution (voxel size: 0.92- 
1.46 mm 3 ). As a consequence, the individual layers of 
the esophageal wall can be identified. Inui et al. were 
the first to describe the technique in the esophagus 
and stomach. They were able to depict the three main 
wall layers (Inui et al. 1995). Further studies have 
shown that disruption of the wall layers due to the 
presence of tumor correlates with pathological T 
stage (Feldman et al. 1997; Kulling et al. 1998; 
Dave et al. 2004). The endoscopic technique has rec- 
ognized limitations, namely the inability of the coil 
to traverse strictures, limiting the use for the evalua- 
tion of esophageal cancers; a short radius for receiv- 
ing signal (3-4 cm), which necessitates repositioning 
of the endoscope for evaluation of long tumors, 
increasing the overall scan time; and the action of 
peristalsis resulting in motion artifact within the 
images acquired and possible coil migration. 

There are limited studies investigating MR endos- 
copy of the stomach in vivo, Inui et al. assessed 24 
patients with gastric disorders, using spoiled gradient 
echo breath-hold sequences and spin-echo Tl- and 
T2-weighted sequences without breath holding, achiev- 
ing adequate images is 14 (58%) patients (Inui et al. 
1995). Subsequent studies have focused on in vitro 
assessment, which allows for optimum coil positioning 
close to the site of the tumor and clearly overcomes the 
difficulty of motion artifact (Kulling et al. 1997). 

The most recent in vitro work has focused on a 
self-expanding loop coil. The coil consists of a fold- 
able and self-expanding receiver loop and is com- 
posed of nitinol, a flexible "memory wire", which 
passes through a specifically designed MR compatible 
endoscope. It is covered with silicone, to prevent direct 
contact of the metal with the stomach wall. The coil 
enables high-resolution imaging of the primary 
tumor because of its location adjacent to the tumor 
and since the diameter of the coil (8 cm) is much 
larger than the endoscopic MR increasing the radius 
for receiving signal from 3-4 cm to 8 cm. This allows 
for both detailed analysis of the depth of tumor inva- 
sion through the layers of the stomach wall and 
assessment of involvement of the gastric serosa and 
surrounding tissues (Heye et al. 2006). A combination 
of Tl- and T2-weighted TSE and gradient sequences 
were used with a 220-mm FOV, 3-4 mm slice thick- 
ness, and a voxel size between 0.13 and 2.2 mm 3 . 



5.3 



Normal Anatomy on MRI 

5.3.1 

Wall Layers 

The individual layers of the esophageal wall are only 
visualized when high spatial resolution techniques 
are employed using small FOV, thin slice imaging 
with either an endoluminal coil or an external surface 
coil. Ex vivo and in vivo studies of the esophagus have 
demonstrated that spin-echo T2-weighted sequences 
provide optimum visualization of the esophageal wall 
layers. The ex vivo studies by Yamada et al. demon- 
strated up to 8 layers of the esophageal wall with a 
spin-echo T2-weighted sequence (Yamada et al. 
2001). This study was performed using a 1.5-T system 
and an external surface coil, with a sequence acquisi- 
tion time of 34 minutes, where as three layers corre- 
sponding to the mucosa (intermediate signal), 
submucosa (high signal) and muscularis propria 
(intermediate to low signal) have been demonstrated 
by in vivo studies, again using a T2-weighted sequence 
(Fig. 5.1) (Riddell et al. 2006). 

The spatial resolution achieved using conventional 
MRI with a phased array body coil is insufficient to 
consistently demonstrate individual stomach wall 
layers on either Tl- or T2-weighted imaging. In vivo 
studies employing a high-resolution technique using 
an endoluminal coil have been able to demonstrate 
the main component layers of the stomach wall: the 
mucosa (low signal intensity), submucosa (low or 
high signal intensity, dependent on the sequence 
parameters), and muscularis propria (low signal 
intensity) on both Tl- and T2-weighted sequences 
(Inui et al. 1995). Experimental work on ex vivo speci- 
mens using either endoluminal or external surface 
coil techniques have consistently shown three to five 
stomach wall layers on T 1 - and T2 -weighted sequences 
(Yamada et al. 2001; Heye et al. 2006). The muscu- 
laris propria layer is either depicted as a single low 
signal intensity layer or can appear as three distinct 
layers: the inner circular muscle (low signal intensity), 
high signal interposed connective tissue and the outer 
longitudinal muscle layer (low signal intensity). As 
with esophageal imaging, further development is 
necessary to be able to achieve such high spatial reso- 
lution in vivo, particularly as the sequence acquisition 
time would need to be reduced from the 20min used 
in these studies to between 6 and 7min for realistic 
clinical application. 
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Fig. 5.1. The appearance of normal esophageal wall layers. 
The axial T2-weighted MRI image, (a) using an external sur- 
face cardiac coil demonstrates the individual layers of the 
esophageal wall: the intermediate signal mucosa (arrow) , the 



high signal submucosa (single arrow head) and the outer mus- 
cularis propria layer (double arrow heads). The individual lay- 
ers are confirmed on the corresponding histology section (b) 



5.3.2 

Surrounding Structures 

The multiplanar capability of MRI allows assess- 
ment of the relationship of tumors within esophagus 
and stomach to the surrounding anatomical struc- 
tures, enabling assessment of tumor resectability. 
Multidetector CT (MDCT) also allows for the refor- 
matting of images in multiplanes and has improved 
the prediction of tumor resectability (Onbas et al. 
2006). However, the superior soft tissue contrast 
achieved using MRI would suggest that MRI is very 
likely to be able to depict the individual soft tissues 
structures with more clarity than CT, particularly 
when structures lie in direct contact with no inter- 
posing fat plane. 

The high-resolution MRI appearances of struc- 
tures within the posterior mediastinum surrounding 
the esophagus have been described. The right pleural 
reflection which, for part of its length, lies in direct 
contact with the esophagus has been demonstrated 
on both in vivo and ex vivo studies (Riddell et al. 
2006; Riddell et al. 2007). Other anatomical struc- 
tures that are of importance in the assessment of 
resectability have been clearly demonstrated on 
high-resolution MRI and correlated with the corre- 
sponding histological wholemount sections. Figure 5.2 
demonstrates the normal esophagus and its relation- 
ship to the thoracic duct, azygos vein, right pleura, 
and the fascial attachment extending from the esoph- 
agus to the descending thoracic aorta on MRI. 



Similarly for the stomach, the multi-planar capability 
enables assessment of the relationship of the stom- 
ach to the pancreas, left lobe of the liver, and trans- 
verse colon. 




Clinical Application: Staging 
Malignant Disease 

5.4.1 

T Staging 
5.4.1.1 

Conventional MRI 

The majority of early studies comparing conventional 
MRI with CT have shown no advantage to using MRI 
for the local staging of esophageal or gastric carci- 
noma. This is mainly because the studies used low 
spatial resolution techniques, which were unable to 
delineate the individual wall layers and used similar 
criteria for T staging and assessment of resectability 
as used for CT (Lehr et al. 1988; Takashima et al. 
1991; Wu et al. 2003). The accuracy for predicting 
resectability based on detection of tumor invasion of 
the aorta, tracheobronchial tree, pericardium, or the 
presence of metastatic disease has been reported to 
be 87% for MRI when compared with 84% for CT 
(Takashima et al. 1991). The overall T staging accu- 
racy for EUS is between 80 and 90%, but is lower for 
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Fig. 5.2. The relationship of the lower esophagus to surround- 
ing structures The axial T2-weighted MR image, (a) demon- 
strates the close relationship of the lower esophagus to the 
right parietal pleura (arrow). On the left side, a fine fascial 
layer attaches the lower esophagus and is attached to the an- 
terior aspect of the aortic adventitia (double arrow heads). 
The asterisk denotes part of the posterior myocardium of the 
left atrium, the oblique sinus of the pericardium is interposed 
between this and the esophagus. The thoracic duct is located 
posterior to the esophagus (single arrow head). The descend- 
ing thoracic aorta (A), the vertebral body (V)> and azygos vein 
(Az) are also marked. The structures are confirmed on the 
corresponding histology wholemount section (b). Images re- 
printed with kind permission from AJR (Riddell et al 2007) 



tumors greater than 5 cm in length. The larger tumors 
are most often understaged, possibly due to poor 
visualization of the most stenotic part of the tumor, as 
the endoscope is pulled through the stenosis and sud- 
denly passes through the stenotic area preventing full 
interrogation (Heeren et al. 2004). 

In the case of evaluation of gastric carcinoma, the 
individual layers of the gastric wall, like the esophageal 



wall, cannot be depicted using conventional MRI tech- 
niques. Attention has been focused on the potential of 
conventional MRI to differentiate disease confined 
within the serosa (T2) and extraserosal (T3) disease. 
Studies have used a contrast-enhanced spoiled gradient 
recalled acquisition (GRASS) to detect extraserosal 
extension of disease. Classification of the degree of sero- 
sal invasion has been based on the presence or absence 
of a low-signal-intensity band around the tumor. The 
low signal-intensity band disappears or shows irregu- 
larity in an area of extraserosal invasion. Using this cri- 
terion, studies with 48 and 37 patients have reported an 
overall accuracy of 88-93% for predicting the presence 
of extra-serosal disease (Matsushita et al. 1994; Oi 
et al. 1997). A further prospective study of 26 patients 
with biopsy-proven advanced gastric cancer has shown 
a slight superiority of MRI for T staging over helical CT: 
with a T staging accuracy 81% compared with 73%; p < 
0.05. This was mainly due to the superior soft tissue con- 
trast of MRI being able to differentiate contact with sur- 
rounding structures (T3) from direct invasion (T4) 
(Kim etal.2000). 



5.4.1.2 

High-Resolution MRI 

The use of high-resolution techniques using either 
an external surface coil or an endoluminal coil 
enables more detailed staging of both esophageal 
and gastric cancer. The technique enables delinea- 
tion of the individual layers of the wall allowing for 
detection and staging of early tumors that are con- 
fined to the wall. 

T Staging Using an External Surface Coil 

An external surface coil overcomes the difficulty of 
traversing bulky esophageal tumors encountered 
with endoscopic techniques (EUS and endoluminal 
MRI). The inability to traverse bulky tumors prevents 
full assessment of the potential radial margin and 
distal extent of disease in up to 20% of tumors, using 
a standard EUS probe (Wakelin et al. 2002). 

Using a fast spin-echo T2-weighted sequence, 
tumor returns intermediate signal intensity, which 
can be differentiated from the adjacent normal layers 
of the esophageal wall (Riddell et al. 2007). Figures 5.3 
and 5.4 illustrate the appearance of T2 and T3 tumors 
on MRI using this technique with pathological cor- 
relation. This allows for the staging of tumors con- 
fined to the wall (stages Tl and T2) as well as those 
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Fig. 5.3. Stage T2 esophageal cancer. The axial T2-weighted 
MR image (a) which demonstrates tumor (arrow) involving 
the right side of the esophageal wall. The outer margin of 
the muscularis propria layer remains in tact (double arrow 
heads) indicating that tumor is confined to the esophageal 
wall and is therefore staged as T2. The normal layers of the 
esophageal wall are preserved on the left side (arrow head). 
The findings are confirmed on the corresponding histology 
section (b) 



extending through the wall into the periesophageal 
tissues (T3 disease). The accuracy of preoperative 
T staging with EUS has been documented between 
80 and 90% (Vickers and Alderson 1998). 
Currently, there are no published data directly com- 
paring the accuracy of T staging using this high-res- 
olution technique when compared with EUS. 



a 




Fig. 5.4. Stage T3 esophageal cancer. The axial T2- 
weighted MR image (a) demonstrates irregularity of the 
outer margin of the esophageal wall on the right side with 
extension of intermediate signal tumor beyond the wall 
into the periesophageal tissues (arrow). The normal lay- 
ers of the esophageal wall are preserved on the left side 
(single arrow head). Part of the diaphragmatic crus is seen 
anterior to the esophagus and was removed en bloc with 
the esophagus (double arrow heads). Tumor lies close to 
the aortic adventitia posteriorly and reflection of the right 
parietal pleura and in this case is of similar signal inten- 
sity. Dynamic evaluation of this area on the workstation 
indicated that there was not direct invasion. The corre- 
sponding histology section confirms the findings (b) 
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Fig. 5.5. Unresectable T4 tumor. The axial T2-weighted im- 
age demonstrates extensive tumor within the periesophageal 
fat (white arrow), beyond the outer margin of the muscularis 
propria. Posteriorly, the tumor infiltrates the right and left 
pleural reflections (double and single arrow heads, respec- 
tively) and the aortic adventitia (black arrow) 



Assessment of Resectability 

Using an FOV 225-250 mm, the periesophageal tis- 
sues are clearly demonstrated, enabling assessment 
of the relationship of the tumor to surrounding 
structures. Tumor has been shown to return different 
signal intensities to the surrounding structures and 
therefore differentiation can be made between tumor 
lying in contact with a surrounding structure (T3 
disease) and actual direct invasion of the structure 
(T4 disease). As such, MRI is very likely to be able to 
be more accurate in determining the resectability of 
tumor than CT, which has limited soft tissue contrast. 
Figure 5.5 demonstrates the appearance of a locally 
advanced esophageal tumor on MRI, which demon- 
strates infiltration into the aortic adventitia. The cri- 
teria used to determine resectability using MRI is 
that there should be a margin of greater than or equal 
to 1 mm between the tumor and a surrounding struc- 
ture not resected at the time of surgery. This corre- 
lates with the pathological definition of an R0 
resection: tumor greater than 1 mm from the surgical 
resection margin. 



Although it remains a challenge to differentiate 
infiltration of tumor into surrounding structures 
when compared with simple contact, the superior soft 
tissue contrast of MRI allows clearer definition of tis- 
sue planes. Tumor obliterating tissue planes, such as 
the aortic adventitia (as in Fig. 5.5), the pericardium 
or pleura is highly suggestive of tumor infiltration. 

The ultrasound frequencies used for EUS in gen- 
eral are 7.5 and 12 MHz, giving a maximum depth of 
view of 7 and 3 cm, respectively. However, studies have 
shown that there are shortcomings in the ability of 
EUS to evaluate the relationship of tumor to the sur- 
rounding structures and as such predict resectability. 
A tumor is considered resectable based on achieving 
an R0 resection (that is tumor greater than 1mm 
away from the circumferential surgical resection 
margin), using EUS the rate of a positive circumfer- 
ential resection margin is between 31 and 47% 
(Dexter et al. 2001; Davies et al. 2006; Sujendran 
et al. 2008). This may in part be due to tumor extend- 
ing beyond the sonographic range of EUS or alterna- 
tively due to assessment of the outer margin of the 
tumor being made at a tangential rather than perpen- 
dicular view leading to inaccuracies in interpretation. 
High-resolution MRI may in the future offer a more 
robust, reproducible method for assessment of the 
outer margin of the tumor, although further evalua- 
tion of the technique is required to establish its role in 
clinical practice. The high resolution MRI technique 
using an external surface coil has not as yet been used 
to evaluate gastric carcinoma. 

7 Staging Using an Endoluminal Surface Coil 

The majority of studies assessing both esophageal 
and gastric carcinoma using endoluminal MRI have 
been ex vivo. In vivo work is limited: one pilot study 
showed accurate T stage correlation with pathology 
in 6/7 patients with esophageal cancer (Dave et al. 
2004). Another study showed correct T stage with 
endoluminal MRI in eight of the nine tumors. One Tis 
tumor was staged as Tl tumor because of submucosal 
edema (Stoker et al. 1999). Further studies have con- 
firmed that disruption of the wall layers correlates 
with T stage, although again the study groups were 
small in size with limited pathological correlation 
(Feldman et al. 1997; Kulling et al. 1998). The endo- 
scopic technique has recognized limitations, namely 
the inability of the coil to traverse strictures, limiting 
the use for the evaluation of esophageal cancers; a 
short radius for receiving signal (3-4 cm), which 
necessitates repositioning of the endoscope for evalu- 
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ation of long tumors, increasing the overall scan time; 
and the action of peristalsis resulting in motion arti- 
fact within the images acquired and possible coil 
migration. The short radius for receiving signal also 
prevents full evaluation of the perioesophageal tis- 
sues using the endoluminal coil. Assessment of resec- 
tability can only be made with sequences using a body 
coil and a large FOV, reducing the achievable spatial 
resolution. Potentially, in the future the endoluminal 
technique could be combined with high-resolution 
MR imaging using an external surface coil. Although 
in practice the endoluminal technique offers little 
advantage over the external surface coil, which clearly 
has the benefit of being noninvasive. 

Ex vivo studies using surface coils have been able to 
achieve high levels of accuracy for T staging esopha- 
geal and gastric cancer - both early and advanced 
types. Yamada et al. demonstrated a T staging accuracy 
of 94% when assessing 67 esophageal specimens con- 
taining 70 squamous cell carcinomas using a 4-cm sur- 
face coil in a 4.7-T system (Yamada et al. 1997). Further 
work by the same group using a 1.5-T system has con- 
firmed the potential for the technique to accurately 
stage early oesophageal cancer ex vivo. Using a 
T2-weighted high-resolution sequence, the depth of 
tumor invasion on MRI was shown to correlate with 
histology in 39/41 cases (accuracy 95%), including 11 
cases of early esophageal cancer where the tumor was 
confined to the mucosal or submucosal layer (Yamada 
et al. 2001). The high spatial resolution enables demon- 
stration of up to eight layers of the esophageal wall but 
this reduces the range for receiving signal, limiting 
assessment to tumor confined to the esophageal wall. 

For gastric carcinoma, the in vivo experience using 
endoscopic MRI is limited. It has proved challenging to 
achieve adequate visualization of the tumor consis- 
tently, as it is difficult to maintain the coil in the correct 
position to image the tumor. In 15 patients with gastric 
cancer investigated using the technique (mainly T3 and 
T4 tumors), 9 (60%) were adequately visualized (Inui 
et al. 1995). The images obtained using MRI were not 
considered to be as clear as the corresponding EUS 
images, with the MR images being degraded by motion 
artifact. The technique also involved long acquisition 
times (8min to obtain a T2-weighted sequence with 
8-12 images) and the coil has a short signal range lim- 
iting assessment of tumor resectability. The main 
advantage of the technique is its ability to obtain images 
in multipleplanes. Given the fact that multiplanar refor- 
mats are now achievable using multidetector CT, the 
technique will require further development before it 
has a confirmed role in clinical practice. 



Ex vivo studies using endoluminal surface coils to 
stage gastric cancer have shown good correlation 
with pathology and the spatial resolution achieved 
enables staging of both early and advanced gastric 
tumors (Dux et al. 1997). A recent development has 
been the design of an expandable surface coil in an 
attempt to overcome the difficulty of imaging large 
tumors in their entirety, due to limitation in the FOV 
with small surface coils. The expandable coils have a 
diameter of 8 cm and as such have a larger FOV 
(10 cm) at maintained high spatial resolution. The 
initial study using this technology in 28 surgical 
specimens using Tl -weighted, T2-weighted, and 
opposed phased sequences demonstrated 75% accu- 
racy for T staging with 80% sensitivity for detecting 
serosal involvement (He ye et al. 2006). 



5.4.2 

N Staging 

The presence of involved lymph nodes in both esoph- 
ageal and gastric carcinoma is acknowledged to be an 
independent predictor of poor prognosis. It has been 
shown that for esophageal cancer that the survival 
rate is significantly reduced if greater than 10% of the 
lymph nodes harvested are involved (Hagen et al. 
2001; Eloubeidi et al. 2002). The proportion of lymph 
nodes involved for gastric cancer already forms part 
of the TNM staging classification, with patients with 
greater than six nodes involved being staged as N2 
(AJCC 2002). Therefore, to stratify patients into high- 
risk groups in the pre-operative setting, imaging must 
be able to identify involved lymph nodes with a high 
degree of accuracy. 

In general, periesophageal and subdiaphragmatic 
lymph nodes greater than 10 mm are considered 
pathological (>8mm in the gastro-hepatic ligament). 
Using these criteria, the specificity for nodal detec- 
tion is high, but the sensitivity is low as it is recog- 
nized that metastatic infiltration occurs in smaller- 
sized lymph nodes. As a consequence, overall accuracy 
for nodal staging using CT ranges from 45 to 88% 
(Gore et al. 2004; Castillo and Lawler 2005). Similar 
rates of accuracy have been quoted for conventional 
MRI for N staging of both esophageal and gastric 
cancers (Sohn et al. 2000; Wu et al. 2003), which is 
unsurprising as the same imaging criteria were applied 
to MRI assessment as for CT. FDG-PET has a variable 
accuracy for detecting nodal involvement ranging 
from 24 to 82%, due to the difficulty differentiating 
malignant from inflammatory nodes. The spatial 
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resolution has improved with the incorporation of 
FDG-PET-CT fusion, but still differentiating per- 
iesophageal lymph nodes lying in proximity to the 
primary tumor remains problematic (Rasanen et al. 
2003; Chowdhury et al. 2008). 

The accuracy for preoperative lymph node stag- 
ing with EUS is 60-80% (Vickers and Alderson 
1998). EUS uses the morphology of lymph nodes for 
classification rather than basing the evaluation on 
size criteria. Hyperechoic, heterogeneous, flat, or 
oval lymph nodes on EUS are considered benign. 
Malignant lymph nodes are round, hypoechoic, 
homogeneous masses, which are more clearly 
defined than benign nodes (Richards et al. 2000). It 
is also possible using specific EUS probes (curved 
linear array) to obtain fine-needle aspiration (FNA) 
samples from suspicious lymph nodes. One large 
series demonstrated EUS-FNA sensitivity, specific- 
ity, and accuracy for the evaluation of malignant 
lymph nodes to be 92, 93, and 92%, respectively 
(Wiersema et al. 1997). The procedure, however, is 
time-consuming and the ultrasound probe used is 
regarded as being less suited to staging than the 
convention endoscopes with radial ultrasound 
probes. Therefore, patients require an initial staging 
EUS with a radial probe and a repeat EUS using a 
linear array probe for the FNA, adding time and 
complexity to the procedure. This technique is also 
limited to nodes somewhat removed from the pri- 
mary tumor, to prevent sample contamination if the 
needle passes through the primary tumor prior to 
needle puncture of the lymph node. 

Using high spatial resolution MRI techniques ex 
vivo, the sensitivity and specificity for detecting 
involved lymph nodes in the perigastric tissues 
have been shown to be 87% and 60%, respectively. 
Tl -weighted sequences were best able to detect the 
lymph nodes. Malignant nodes were oval in shape and 
had similar signal intensity (low signal) to the primary 
tumor, although the signal intensity did vary (Dux 
et al. 1997). Using endoscopic MRI limits assessment 
of lymph nodes to those within 3 cm of the primary 
tumor, due to the limited signal range using this tech- 
nique (Inui et al. 1995). For patients with esophageal 
cancer, there has been no formal comparison of N 
staging using an external surface coil with EUS and 
CT. An initial study suggests that there is an increased 
likelihood of node positive disease in patients with 
nodular densities greater than 2 mm within the peries- 
ophageal fat, although specific nodal mapping has not 
performed in the study (Riddell et al. 2007). In an ex 
vivo study of nine specimen, endoluminal MRI with a 



10-mm receive only coil detected 35 of 91 lymph nodes 
(Stoker et al. 1999). Using a 5-mm cut-off, 14 were 
true-positives, 5 were false-positives, 1 was a false-neg- 
ative, and 15 were true-negatives. The majority of the 
56 missed lymph nodes (including seven nodes with 
metastatic involvement) were outside the FOV. TN 
classification was correct in six specimens (67%). 

Some recent work has focused on the use of ultr- 
asmall iron oxide particles with MRI in an attempt to 
help characterize lymph nodes in the preoperative 
setting. Ultrasmall particles of iron oxide (USPIO) 
are taken up by macrophages within normal lymph 
nodes and return low signal intensity on T2 -weighted 
imaging. Lymph nodes infiltrated with tumor do not 
take up the iron oxide and return high signal. For 
upper gastrointestinal cancer, there is limited pub- 
lished research in the use of USPIOs. Small group 
studies have illustrated its potential for predicting 
lymph node involvement and its ability to estimate 
the extent of nodal spread, although the results will 
need confirmation in larger studies (Imano et al. 
2004; Ishiyama et al. 2006; Nishimura et al. 2006). 

5.4.3 

Metastatic Disease 

The role of MRI in the detection of metastatic disease 
from both esophageal and gastric carcinoma is 
mainly confined to the characterization of focal liver 
lesions detected on CT (Namasivayam et al. 2007). 
MRI has been shown to be superior to CT in both 
detection and characterization of small liver lesions 
(0.5-1.5 mm) (Reimer et al. 2000; Rappeport and 
Loft 2007). The importance of characterizing these 
lesions has been emphasized by research showing 
that only 50% liver lesions less than 1.5 cm will be 
malignant (Jones et al. 1992). Full characterization 
of these lesions with dynamic gadolinium-enhanced 
MRI and delayed phase imaging helps one to ensure 
that patients are not denied radical, potentially cura- 
tive treatment on the basis of an indeterminate liver 
lesion identified on CT being considered malignant. 

18 FDG-PET-CT has been shown to detect occult 
metastases in approximately 14-20% of patients con- 
sidered potentially resectable by conventional CT and 
EUS staging (Heeren et al. 2004; Kato et al. 2005). The 
early reported studies involved small patient numbers 
or limited pathological correlation and a recently pub- 
lished prospective multicenter trial, which evaluated 
189 patients considered operable by conventional stag- 
ing demonstrated only 9 patients (4.8%) to be upstaged 
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by PET (Meyers et al. 2007). There were 18 other 
patients who were considered to have Mlb disease, 
which was not confirmed with pathology. In addition, 
the study highlighted some limitations of the tech- 
nique, with 7/145 (5%) false-negative predictions with 
patients identified with metastatic disease at surgery; 
and 5/189 (2.6%) patients were confirmed to have a 
false-positive PET. In spite of these limitations, there is 
likely to be an increase in the use of PET-CT for the 
identification of metastatic disease. 

The detection of peritoneal spread is a challenge for 
all imaging modalities, with small volume disease often 
being beyond the spatial resolution of even the most 
advanced multidetector CT. It is possible to identify 
peritoneal infiltration using MRI. Sequences using fat 
suppression and dynamic gadolinium show enhance- 
ment and nodularity of the peritoneum (see Chap. 15). 
The most sensitive method for detecting peritoneal 
disease, however, is under direct vision at laparoscopy. 



5.5 



Conclusion 

Currently, the role of MRI in the work of patients diag- 
nosed with upper GI cancer remains limited and within 
the realm of clinical research. In the future, it is likely to 
play a more pivotal role, particularly in the local stag- 
ing of patients with esophageal cancer. Further 
sequence development for both T2 -weighted sequences 
and diffusion are likely to result in improved image 
quality. MRI will offer an accurate method for local 
staging and also demonstrating the cranio-caudal 
extent of disease, which aids planning for either radio- 
therapy or surgery. Future developments may also tar- 
get methods of assessing treatment response either by 
monitoring alterations in dynamic contrast enhance- 
ment parameters or the apparent diffusion coefficient 
(ADC) values. The ultimate aim being to use MRI 
to improve the work-up of these patients, to individu- 
alize treatment strategies, optimize chemotherapeutic 
regimes, and ensure that radical surgery is reserved for 
patients who are likely to achieve long-term survival. 
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KEY POINTS 



The evaluation of upper gastrointestinal motility 
requires either invasive techniques or ionizing 
radiation. Videofluoroscopy offers the opportunity 
to examine the oropharynx and cervical esopha- 
gus in patients who are at risk for aspiration due to 
swallowing difficulty. Because of the drawback of 
ionizing radiation exposure, repeated evaluation, 
especially in children, can be problematic. 

Endoscopy is limited to the evaluation of the 
superficial mucosa, while radiographic examina- 
tions offer indirect information on motility based 
on the dynamics of swallowed contrast medium. 

Dynamic magnetic resonance imaging of the 
esophagus and stomach has represented one of the 
major challenges in MRI. With the introduction of 
ultra-fast MR sequences, which have pushed scan 
times to the subsecond domain, MR fluoroscopic 
evaluation of physiological activity of soft tissue 
has become a reality. This allows a new non-inva- 
sive approach for the visualization of most motil- 
ity processes in the human body, including 
swallowing function and esophageal peristalsis. 
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Available clinical methods for the detailed evaluation 
of upper gastrointestinal motility require either inva- 
sive techniques or ionizing radiation. Invasive tech- 
niques include indirect laryngoscopy or, more 
recently, fiber-optic nasal endoscopy. Alternatively, 
radiographic techniques with contrast media, such 
as videofluoroscopy, offer the opportunity to exam- 
ine the oropharynx and cervical esophagus in 
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patients who are at risk for aspiration due to swal- 
lowing difficulty. 

Because of invasiveness and exposure to ionizing 
radiation, repeated evaluation, especially in children, 
can be problematic. Endoscopy is limited to the 
evaluation of the superficial mucosa, while radio- 
graphic examinations offer indirect information of 
motility based on the dynamics of swallowed con- 
trast medium. 

The study of esophageal morphology and motility 
currently relies on a combined radiological and 
manometric approach. While esophageal morphol- 
ogy and its changes during physiological events are 
studied by performing a barium swallow (Fuller 
et al. 1999; Aly 2000), motility is investigated by 
manometry. This technique provides precise mea- 
surements of parameters not assessable with other 
methods, such as intensity of the single peristaltic 
wave or the opening pressure of the lower esophageal 
sphincter (Bathia et al. 1995; Caste et al. 1990). 

An alternative study for functional evaluation of 
the upper gastrointestinal tract is radionuclide scintig- 
raphy. This technique has shown excellent diagnostic 
performance in several function or motility disorders. 
Dynamic scintigraphy with a radioactive liquid or 
semisolid bolus gave important information on both 
the oropharyngeal and the esophageal phases of swal- 
lowing, representing a valid alternative to conventional 
invasive tests (such as esophageal manometry). 

Despite the diagnostic usefulness of these techniques, 
scintigraphic assessment of esophageal transit has met 
with only moderate success probably due to the lack of 
protocols standardization (Mariani et al. 2004). 

At present, no alternative imaging method has 
proved sufficiently reliable compared with conven- 
tional radiology. 

Dynamic magnetic resonance imaging (dMRI) 
has represented one of the major challenges in MRI. 
Actually, the major field of application is cardiovascu- 
lar imaging, where advanced state-of-the-art equip- 
mentisnecessary.Conversely,dynamicgastrointestinal 
MR imaging is a relatively unexplored field: the 
assessment of gastrointestinal function needs high 
levels of spatial and temporal resolution, a preroga- 
tive of videofluoroscopic techniques. 

With the introduction and wide diffusion of ultra- 
fast MR sequences, which have pushed scan times to 
the sub-second domain, MR fluoroscopic evaluation 
of physiological activity of soft tissue has become a 
reality. This allows a new noninvasive approach for 
the visualization of most motility processes in the 
human body, including esophageal functionality. 



Current experience with dMRI of the gastrointesti- 
nal tract is limited to some preliminary and clinical 
studies on deglutition and other more recent reports on 
the evaluation of esophageal and gastric motility. Only 
one group has investigated the use of dMRI for the eval- 
uation of esophageal motility (MR-Fluoroscopy), intro- 
ducing an optimized protocol based on Tl -weighted 
fast-field-echo (FFE) sequences (Manabe et al. 2004). 

In recent years, a growing effort has been made to 
investigate the upper gastrointestinal tract noninva- 
sively by dynamic magnetic resonance imaging 
(MRI). 

Advanced imaging protocols include various 
high-speed MRI sequences such as echo planar imag- 
ing, GRE (FLASH), and fast GRE (Turbo FLASH) 
techniques using commercial MR magnets (1.5-T). 



6.2 



Physiology of Deglutition 

Deglutition is a neuromuscular act coordinated by 
neural centers located in the brainstem and con- 
trolled by a widespread network of cortical regions 
including the sensory-motor cortex, the insula, the 
cingulate gyrus, and the cerebellum. In the verte- 
brates, swallowing is sustained by structures of the 
oral cavity, pharynx, larynx, and esophagus. 

Deglutition is a complex function coordinated by 
voluntary and involuntary muscles of the orophar- 
ynx, the larynx, and the upper digestive pathway. The 
motility of these structures is very rapid because the 
pharynx has to carry out many functions different 
from bolus deglutition; it is mandatory that the respi- 
ratory function is not compromised in favor of 
deglution. 

The swallowing process is generally divided in 
three phases (Guyton 2001): (1) the voluntary phase, 
the onset of deglutition, (2) the pharyngeal phase, 
consisting of bolus passage from the mouth to the 
superior esophageal sphincter through the pharynx, 
(3) the esophageal phase, characterized by bolus pro- 
gression to the stomach through the esophagus. The 
last two phases are involuntary. 

The voluntary phase starts when the tongue moves 
backwards and upward against the palate, working as 
a piston driving the bolus into the oro-pharynx in a 
sequential propulsion. 

When the bolus reaches the posterior oral cavity, 
the pharyngeal phase begins by activation of "trigger- 
ing centers" located in the tonsil pillars and in the 
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oro-pharyngeal mucosa, responsible for nervous 
reflexes directed to the encephalic trunk and activa- 
tion of pharyngeal muscular automatic contractions. 

Simultaneously, the soft palate moves upward to 
prevent bolus regurgitation in the nasopharynx. The 
larynx and the hyoid bone move upwards closing the 
superior laryngeal vestibule. The epiglottis is 
deflected preventing bolus aspiration in the upper 
airways. The bolus enters the esophagus by the open- 
ing of the superior esophageal sphincter. The entire 
process lasts for approximately 1-2 s. 

The esophageal phase starts with the opening of 
the superior esophageal sphincter. The primary func- 
tion of the esophagus is to transport and direct the 
bolus from the pharynx to the stomach. The sequence 
of the muscular contractions is known as Peristalsis. 

In normal subjects, two types of peristaltic activ- 
ity are described: 

The Primary peristalsis is the continuation of the 
pharyngeal peristaltic wave along the entire esopha- 
gus. It lasts for approximately 15-18 s. In erected 
patients, the normal esophageal bolus progression 
time is shorter due to gravity forces effect. If the pri- 
mary peristalsis is not sufficient to transport the 
entire bolus in the stomach, secondary peristaltic 
waves are generated by the esophageal enteric ner- 
vous system, activated by mechanical esophageal 
distension. Multiple secondary peristaltic waves are 
generated until the entire bolus is led into the stomach. 
The secondary peristalsis is supported by afferent and 
efferent nervous fibers located in the vagal nerves, 
which connect the esophagus with the encephalic bulb. 

At the distal end of the esophagus, 2-5 cm above the 
esophagi-gastric junction, is located the inferior esopha- 
geal sphincter. This anatomical region, unlike the remain- 
ing esophagus, has continuous tonic contractions 
(intraluminal pressure: 30mmHg). However, when a 
peristaltic wave descends along the esophagus, the infe- 
rior sphincter musculature releases in advance, allowing 
the bolus passage in the stomach (Guyton 2001). 



6.3 



MR-Fluoroscopy: Technique and Protocols 

6.3.1 

Background 

The identification of the deglution phases has been 
described in dynamic MR studies using the different 
dynamic sequences such us turbo-FLASH, TrueFISP, 



and EPI combined with an oral positive-contrast 
agent. Turbo-FLASH and echo-planar (EPI) MRI 
sequences demonstrated a sufficient temporal reso- 
lution for dynamic imaging of the deglutition pro- 
cess. However, detailed analysis is still restricted, 
mainly by the significantly lower SNR of high-speed 
MRI compared with conventional MRI, and by the 
occurrence of shape distortions in regions of large 
susceptibility gradients. The temporal resolution 
provided by ultra-fast MRI is essential for the analy- 
sis of deglutition. 

Hagen et al. obtained good-quality images using 
turbo-FLASH sequences for dynamic oro-pharyn- 
geal evaluation with temporal resolution of 0.2 s/slice 
and 0.3 s/slice (Hagen et al. 1990). 

A significant loss of image quality was described 
by Breyra et al. (2009), when temporal resolution 
was raised to 0.55s/slices due to oro-pharyngeal 
motion related artifact. Others employed balanced 
steady-state free precession sequence (real-time 
TrueFISP) with ultrafast slice acquisition for the visu- 
alization of swallowing (Barkhausen et al. 2002). 
This sequence is based on very short repetition and 
echo times, allowing collection of up to 13 frames/s. 
Although such a temporal resolution is sufficient to 
resolve the different components of the swallowing 
process and to identify pharyngo-esophageal pathol- 
ogies, improvement in spatial resolution of this real- 
time TrueFISP sequence is desirable. In this regard, 
the implementation of half Fourier acquisition, 
SENSE, SMASH, or projection reconstruction strate- 
gies into the TrueFISP sequence design should be 
valuable. 

Recently, it was demonstrated that dynamic imag- 
ing of swallowing is possible using open-configura- 
tion MRI (0.5 T) carrying out image swallowing in a 
sitting position (Yasutoshi et al. 2007). The study 
suggests that open-configuration MRI is useful for 
evaluating the normal physiological motion of swal- 
lowing in a seated position. An opinion of these 
authors is that videofluorography, which is currently 
the standard method for diagnosing swallowing dis- 
orders, provides poor visualization motion of the 
posterior pharyngeal wall. Dynamic MRI is a useful 
addition to videofluorography in assessing the soft- 
tissue motion of swallowing, and can be a second-tier 
choice for diagnosing dysphagia. Significant changes 
in coordination of the swallowing function have been 
reported between upright and supine positions 
(Castell et al. 1990). In the supine position, the lack 
of gravity forces modifies the physiologic sequence 
of normal erected swallowing muscular contractions; 
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this situation creates some difficulties when patho- 
logic patterns of deglution are studied with reference 
to a standard upright physiologic model of deglution. 
This limitation applies to the vast majority of MRI 
studies available in the literature, as these report data 
obtained in patients studied in the supine position. 
Although this may hamper comparison of findings at 
videofluoroscopy and MRI, it does not hamper com- 
parison between MRI studies. 

6.3.2 

Oral Contrast Agent 

Gd-based oral contrast agents are widely used for 
MRI evaluation of bolus transit along the pharyngeal 
and esophageal tract. A suitable contrast agent for 
the examination should have the physical properties 
of barium while ensuring that the MRI signal is good. 
Gd-DTPA-based contrast agent provides optimum 
signal intensity, while its combination with semi- 
fluid yoghurt (1:100) offered barium-like physical 
properties, improving at the same time patient com- 
fort and granting good compliance during the exam- 
ination (Panebianco et al. 2006). 

The bolus is injected in the patient's mouth by the 
doctor or technician before the start of the dynamic 
sequence by a syringe (20 mL) and oral silicone cannula. 

6.3.3 

Oro-Pharyngeal Motility 

Velopharynx, tongue base, valleculae, piriform 
sinuses, pharyngeal walls, and larynx are examined 
during respiration and swallowing with morphologic 
and dynamic MRI with patient positioned supine; 
head and neck coils are placed to increase the SNR 
(Table 6.1). 

At our institution, the standard protocol is divided 
in three phases: 

• Preliminary assessment of the oral cavity, phar- 
ynx, and laryngeal structures. T2-weighted half- 
Fourier acquisition single-shot turbo spin-echo 
(HASTE) sequences are acquired in the axial, 
coronal, and sagittal projection (TR 4.4 ms; TE 
20 ms; flip angle 150°) from the base of the skull 
to the superior esophageal sphincter. 

• Morphologic assessment: all images are ac- 
quired in the axial, coronal, and sagittal planes. 
The main structures involved in deglutition are 



Table 6.1. Dynamic MR parameters at 1.5 T (Siemens) 



Parameter 


HASTE 

T2-weighted 

parameters 


Modified dynamic 
turbo FLASH 
parameters 


TR (ms) 


704 


416 


TE eff. (ms) 


20 


1.2 


Flip angle 


150 


8 


No. of slices 


20 


1 


Slice thickness (mm) 


7 


20 


Field of view 


360 


350 


Matrix 


160 x 256 


90 x 126 


No. of acquisitions 


0.5 


45 


Trigger 


Off 


Off 



analyzed describing the main morphological 
features: Tongue, Soft Palate, Walls of the Phar- 
ynx, Epiglottis, Laryngeal-Hyoid bone. 
• Dynamic (MR-Fluoroscopy): dynamic assess- 
ment is subdivided into three steps. All images 
are acquired in the axial, sagittal projections by 
Tl -weighted dynamic turbo-FLASH sequences 
(see Table 6.1). The sagittal slice is positioned 
through the oral and pharyngeal lumen. The 
time resolution is 3-4 frames/s. 

Phase 1: The first dynamic session is performed with- 
out any contrast media. The patients have to repeat- 
edly swallow during the entire period of the sequences 
(15 s) in order to visualize the movements of the 
structures mentioned above (Figs. 6.1 and 6.2). 

Phase 2: The second session is performed inject- 
ing 5 mL of oral contrast agent (yogurt + Gd-DTPA, 
see below) based contrast medium in the patient's 
mouth. The bolus should be maintained in the oral 
cavity during the entire scanning time (15 s). This 
step is designed in order to evaluate the oral conten- 
tion function (no contrast should be found in the 
pharynx if the soft palate closed the oral cavity at the 
level of glosso-palatal junction correctly) (Fig. 6.3). 

Phase 3: The patient has to swallow the bolus pre- 
viously injected in PHASE 2 in a single act. The bolus 
is then followed through the oral and pharyngeal 
track, from the oral cavity to the superior esophageal 
sphincter. This session is repeated three times, acquir- 
ing dynamic images only in the sagittal projection, to 
better depict bolus transit and eventual contrast 
media residue. Transit time (s) is calculated (Fig. 6.4). 
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Fig. 6.1. Male patient, age 46, with aspecific swallowing 
disorders. Normal pattern: (a) Beginning of the oral phase 
of swallowing. The tongue moves away from the palate with 
the opening of the oral cavity (the soft palate transiently 
closes the nasopharynx), (b) Tongue contraction starts 
elevating the apex that touches the hard palate (black ar- 
row); the nasopharynx is opened, (c) The progression of 
tongue contraction is characterized by an elevation/back- 



warding of the tongue radix (the soft palate, in contact with 
the tongue, closes the nasopharynx preventing bolus ingo- 
ing); the epiglottis is still erected, (d) The pharyngeal phase 
starts with the triggering of pharyngeal peristaltic wave 
that leads to the anterior displacement of the posterior pha- 
ryngeal wall that narrows the oro-pharyngeal cavity. The 
epiglottis is now oriented transversally closing the laryn- 
geal vestibule and preventing the bolus aspiration 




Fig. 6.2. Normal poste- 
rior pharyngeal wall: (a) 
normal appearance (b) 
peristaltic wave: posterior 
pharyngeal wall ante- 
rior displacement and 
thickening (black arrow); 
appearance of a hypoin- 
tense rim (white arrow) 
between the pharyngeal 
wall and the cervical 
spine related to anterior 
spinal ligament and fascia 




6.3.4 

Esophageal Motility 

Scans are acquired with the patients placed first in 
the prone position and then in the supine position. 
The imaging protocol (Table 6.1) is divided into two 
steps. 

Phase 1: A breath-hold half-Fourier single-shot 
turbo-spin echo (HASTE) T2-weighted sequence 
orientated on coronal and axial planes is used to 



visualize the position of the esophagus and the 
gastro-esophageal junction. 

Phase 2: Dynamic examination is performed 
with a single-slice sagittal slab (10 mm thickness) 
Tl -weighted (turbo-FLASH) sequence. This slice is 
positioned at the centre of the esophageal lumen, 
in order to depict the transit of contrast agent 
boluses through the esophageal lumen. The param- 
eters of the turbo-FLASH sequence are modified to 
obtain a temporal resolution of approximately 3-4 
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Fig. 6.3. The bolus is retained in the oral cavity without 
swallowing (black arrow); no contrast media should be 
visualized in the pharynx. The tongue and the velum plati- 
num are the main structures configuring the glosso-palatal 
junction (white arrow) 
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Fig. 6.4. Dynamic progression of the bolus through the oral 
(a) and the pharyngeal (b-d) phase. In normal subjects, the 
bolus (arrows) progression is very rapid (1 s) 





Fig. 6.5. Bolus progression on images obtained with dynamic Tl-weighted turbo fast low-angle shot (FLASH) sequences 



images/s. Immediately before the sequence starts, a 
small amount of contrast agent (10-15mL) is 
administered directly into the oral cavity. Patients 
are instructed to swallow the entire bolus immedi- 
ately after the onset of the gradient pulsations. 
Patients with severe deglution disorders are at high 
risk for airways aspiration of oral contrast agent; in 



such situations oral contrast media should not be 
used. 

Five series of dynamic acquisitions are obtained: 
four acquired on the median sagittal and coronal 
plane to visualize esophageal motility and one on the 
oblique axial plane to depict gastro-esophageal junc- 
tion functionality (Fig. 6.5). 
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MR Patterns 
6.4.1 

Normal Findings 

The use of normal patterns for comparison is a fun- 
damental condition for the diagnostic assessment of 
patients with motility disorders. 

The spatial resolution of the sequence used allows 
the evaluation of morphologic parameters at MRI. 
Normal findings are: 

• Esophageal length (mean 22.8 cm, SD = ±2.7 cm) 

• Esophageal diameter (mean 21 mm, SD = ±1.8 mm) 

The temporal resolution achieved with turbo FLASH 
sequences (2.5-4 frames/s), although substantially 
lower than that of a normal fluoroscopic examina- 
tion (25-30 frames/s), allows for accurate assessment 
of main patterns of movement: 

• Type of peristalsis: primary peristalsis (known 
as a homogeneous contraction of esophageal 
musculature with steady progression of the con- 
trast bolus down to the stomach). 

• Velocity of peristalsis: (mean = 2.34 cm/s, SD = 
±0.2cm/s). 

• Bolus transit time: (mean = 9 s, SD = ±1.7s). 

• Gastro-esophageal junction function: continent 
and relaxing on passage of the bolus. 

6.4.2 

Abnormal Findings 
6.4.2.1 

Oro-Pharyngeal Motility 

At present, the application of dynamic MRI protocols 
in the evaluation of pharyngeal motility is prema- 
ture. To our knowledge, studies available in the litera- 
ture are limited to the evaluation of physiologic 
pharyngeal deglution. 

For the reasons mentioned above, this paragraph 
is centered on abnormal dynamic MRI patterns of 
esophageal disorders. 

6.4.2.2 

Esophageal Motility 

Accordingto the classification proposedby(SPECHLER 
et al. 2001), esophageal motility disorders can be 



categorized into four major patterns of alterations. 
Current dynamic MR protocols are able to detect 
pathological findings corresponding to those identi- 
fied at conventional videofluoroscopy (e.g., early or 
advanced achalasia). In patients with achalasia, the 
main findings are the stenotic appearance of the distal 
esophagus with and/or without wall thickening and 
the dilatation of the segments above; poor relaxation 
of the gastro-esophageal junction; inefficient peristal- 
sis replaced by "to-and-fro" movements (repeated 
upward/downward movement of the bolus in the 
esophageal lumen caused by abnormal peristalsis 
and unrelaxed gastro-esophageal junction) and the 
increased bolus transit time (up to 20 s). In advanced 
stages, the main findings is represented by a marked 
and widespread distension of the esophageal lumen 
(maximum caliber >60mm) with tertiary peristalsis 
that is unable to activity and fully empty the organ 
(Fig. 6.6) (Richter et al. 2001; Fiorentino et al. 2005; 
Schima et al. 1998). 




Fig. 6.6. Advanced achalasia. Images acquired at 5 s (a), 10 s 
(b), 15 s (c) and 20 s (d) after bolus administration show dis- 
tension of the esophageal lumen (60 mm), narrowing of the 
distal esophagus, and replacement of the normal peristalsis 
by tertiary activity. The gastro-esophageal junction is closed 
and the bolus does not progress 
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Fig. 6.7. Esophageal 
spasm. The image after 
4 s (a) shows rapid filling 
of the esophageal lumen; 
normal progression of the 
contrast medium is then 
interrupted by intermit- 
tent tertiary contractions 
(b), with typical cork- 
screw pattern (arrow) 
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Fig. 6.8. Morphologic axial T2w sequences demonstrate a significant reduction of esophageal caliber after balloon dilata- 
tion of the distal esophagus (a,b) 



MRI findings in patients with esophageal body 
motility uncoordination (EBMU) are intermittent pro- 
gression of the contrast bolus along the lumen with 
tertiary peristalsis, increased transit time (12-15 s), 
and reduced with a "corkscrew" appearance (Fig. 6.7) 
(Prabhakar et al. 2004; Schima et al. 1992). 

In ineffective esophageal motility (IEM)/sclero- 
derma of the esophagus (SE), a weak peristaltic activ- 
ity, enlarged diameter, mildly reduced esophageal 
clearance, are considered significant diagnostic fea- 
tures of gastro-esophageal junction incontinence 
with reflux and diminished clearance with delayed 
cleansing time (>18s) (Nelson et al. 1988; Ipsen 
et al. 2000). 

An additional application of MR- Fluoroscopy is 
the follow-up of patients affected by achalasia after 
conservative treatment such as balloon dilatation of 



the distal esophagus. In this patient, population 
dynamic MRI is also adequate in the post treatment 
follow-up to evaluate the efficacy therapy (Figs. 6.8 
and 6.9) (Panebianco et al. 2009). 



MR Evaluation of Gastric Motility 

Functional gastrointestinal disorders have high 
prevalence but their diagnosis and follow-up are 
difficult because of the limitations of the diagnostic 
tools. Nuclear medicine is a widespread used tech- 
nique for the gastric emptying evaluation, but is 
limited because of insufficient temporal and spatial 
resolution and isotopes radioactivity. Other tests for 
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Fig. 6.9. The same patient 
before (a) and after bal- 
loon dilatation (b): sagittal 
dynamic TFL sequencies 
confirm the caliber reduc- 
tion, the prompt bolus 
transit, and the disappear- 
ance of residual alimen- 
tary material 



the evaluation of motility impairment are invasive, 
such as gastric manometry, or with a poor correla- 
tion with gastric activity, such as electrogastrogra- 
phy. The first application of MRI in the study of GI 
function was for the assessment of gastric empty- 
ing. MRI is also used for the measurement of gastric 
accommodation and gastric motility. The assess- 
ment of gastric emptying using MRI involves the 
repeated acquisition of axial image stacks covering 
the gastric region after a test meal. The most widely 
applied method uses a multislice turbo spin echo 
(TSE) technique. Imaging is performed during 
breath-holds to minimize movement artifacts. 
However, the evaluation of gastric motility and 
emptying disorders remains a difficult and some- 
what inexact method. Gastric physiology is complex 
and depends on the appropriate interplay of differ- 
ent gastric functions (Schwizer et al. 2003). 
Increased or decreased gastric motion can be reli- 
ably distinguished with MRI; this imaging modality 
may be an attractive alternative to conventional 
invasive diagnostic tools for diagnosis of gastric 
motility disorders and consecutive therapeutic 
monitoring (Ajaj et al. 2004). 



6.6 



Discussion 
6.6.1 

Advantages and Drawbacks 

Compared with conventional radiology, MRI fluo- 
roscopy of the pharynx and esophagus has several 
major advantages: multiplanar imaging capabilities 
with visualization of the esophagus and intrathoracic 
soft tissues in different spatial planes, the possibility 
of making acquisitions with dedicated sequences at 
high contrast resolution. The greatest advantage is, 
however, the possibility of investigating esophageal 
function without the use of ionizing radiation. 
Despite the advent of digital equipment and consid- 
erable reduction in dose, radiation exposure (Mean 
mSv: 0.3) (Crawley et al. 2004) remains the main 
drawback of fluoroscopy. 

Videofluoroscopy is a valuable and reasonably 
specific (79%) and sensitive (80%) technique for 
screening for esophageal motor disorders (Schima 
et al. 1992). 
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With MRI fluoroscopy, it would be possible to 
repeat examinations over time (for example, in the 
follow-up before and after dilatation and/or myo- 
tomy in patients with achalasia) and to study patients, 
such as pregnant women and younger subjects, in 
whom radiation exposure is contraindicated. 

The MRI technique presented does, however, suf- 
fer some limitations: 

First, the spatial resolution of the sequences used, 
although adequate for assessing esophageal function, 
is still too low to adequately visualize the pharyngeal 
wall profile, as can be done with videofluoroscopy. 
We should, however, add that MRI is often able to 
detect typical luminal "filling defect" and wall thick- 
ening at the level of the gastro-esophageal junction 
as in cases of pseudoachalasia due of advanced car- 
dial gastric cancer. 

Second, the maximum temporal resolution 
(2.5 frames/s (fps) ) is still far below the standards 
currently obtainable with conventional radiology 
(25-30 fps). A further technical limitation is that with 
the actual commercially available techniques patients 
can be scanned only in the supine position; this is 
particularly true if we consider the wide range of 
positions and projections used in videofluoroscopy 
and manometry. However, we can state that even the 
information obtained with the patients in the supine 
position may be valuable for diagnosis of the motil- 
ity disorders. The diagnostic performance of MR 
fluoroscopy was overall satisfactory with a sensitiv- 
ity of 87.5% and specificity of 100% in the general 
depiction of motility alterations (Panebianco et al. 
2006). 

Another limitation is the relatively long time 
required to complete a dynamic MRI examination (20- 
30min); videofluoroscopy is usually faster (8-10 min). 




Conclusion 

Based on the relative sparse literature until now, 
dynamic MRI technique seems a promising tool. It 
represents for the future a potential alternative to vid- 
eofluoroscopy in the evaluation of upper gastrointes- 
tinal motility disorders. It has the advantage to be 
relatively noninvasive. There is no need of intravenous 
administration of contrast media and, compared to 
videofluoroscopy, no exposure to ionizing radiation. 

However, more energy should be invested to opti- 
mize the spatial and temporal resolution dynamic 



sequences in order to obtain a better dynamic represen- 
tation of a complex function such as deglutition. Further 
technical improvements are necessary taking into 
account the high incidence (18 million adults only in 
the USA) and social cost of dysphagia (Robbins 2005). 
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KEY POINTS 



Magnetic resonance imaging (MRI) of the duode- 
num is indicated whenever common bile duct and 
main pancreatic duct involvement is suspected and 
when a duodenal stenosis is present. In these set- 
tings, it allows differentiating congenital disease and 
benign and malignant causes of ductal obstruction 
or of duodenal obstruction. In addition to conven- 
tional Tl- and T2-weighted sequences, MRI of the 
duodenum should include magnetic resonance cho- 
langiopancreatography (MRCP) sequences along 
with hormonal stimulation with secretin to improve 
the visualization of ductal anatomy and distend the 
duodenal lumen. Gadolinium chelates should be 
used whenever a tumor is suspected or if functional 
imaging of the biliary tree is indicated. Diffusion- 
weighted imaging might be included in the work-up 
of patients presenting with duodenal wall thicken- 
ing or suspicion of a space-occupying lesion filling 
the groove between the duodenum and the head of 
the pancreas or involving the head of the pancreas. 

Compared to computer tomography, the major 
role of MRI of the duodenum is related to its capa- 
bilities of providing noninvasively MRCP render- 
ings and to its superior contrast resolution. This 
allows identifying the majority of duodenal disor- 
ders, especially congenital anomalies, cystic lesions, 
and inflammatory processes involving the duodenal 
groove. 
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7.1 



Introduction 

The duodenum is the proximal segment of the small 
intestine, is about 25-30 cm long, and is divided into 
four sections. The first portion of the duodenum 
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extends from the pylorus to the neck of the gallblad- 
der. The second portion extends from the neck of the 
gallbladder to the genu. The third portion of the duo- 
denum extends from the fourth lumbar vertebra to 
the level of the aorta. The fourth portion extends 
from the level of the aorta to the ligament of Treitz. 
Therefore, a close and fixed anatomic relation with 
the liver, the gallbladder, and the extra hepatic bile 
ducts, the pancreas and the transverse mesocolon, as 
well as with the aorta and its collaterals and the portal 
and mesenteric veins is an important landmark when 
imaging the duodenum. The diagnosis of diseases of 
the duodenum involves primarily endoscopy, which 
allows a direct view of the mucosa, and endoscopic 
ultrasound (EUS), which allows investigating the 
entire duodenal wall and the area behind it. In addi- 
tion, both techniques may be used to perform biop- 
sies, and EUS maybe used as a guide for interventional 
procedures. Because of both reasons (its location and 
the role of endoscopy and EUS), magnetic resonance 
imaging (MRI) of the duodenum is performed when 
a patient presents with symptoms that may be related 
to a lesion involving the liver, the pancreas, the gall- 
bladder, and the bile ducts, to a lesion causing a duo- 
denal stenosis that precludes endoscopic techniques 
and for the local staging of a tumor previously diag- 
nosed by endoscopy or EUS. In this chapter we review 
the most frequent duodenal lesions diagnosed at MRI 
in the above-mentioned clinical settings. 

S9 

Examination Technique 
7.2.1 

General Considerations 

Abdominal MRI has undergone an important evolu- 
tion owing to the improved performance of gradient 
and phased-array coils and to the use of parallel 
imaging techniques. These improvements allowed 
obtaining Tl- and T2-weighted sequences faster, with 
increased spatial resolution and the ability to explore 
larger volumes. To specifically investigate the duode- 
num, the bile ducts, and the pancreas, magnetic reso- 
nance cholangiopancreatography (MRCP) will be 
added to the above-mentioned sequences. The MRCP 
will be optimally acquired after a fasting period of at 
least 4h. If significant residual fluid is present in the 
stomach we may consider using a T2 -negative oral 
contrast agent (iron oxide particles, pineapple juice 



or 1 mL of gadolinium mixed with 50 mL of water) to 
avoid overlap between residual gastric fluid and the 
pancreatic ducts. To improve the delineation of the 
pancreatic ducts, to detect outflow obstruction of 
the main or accessory pancreatic duct, and to fill and 
distend the duodenal lumen, hormonal stimulation 
with secretin should be used. When a duodenal wall 
mass is suspected, the use of gadolinium-based con- 
trast agents to further characterize the lesion and to 
make vascular assessment will be considered. Finally, 
the more recent advancements in technology pro- 
vided the possibility of acquiring high fo-value diffu- 
sion-weighted imaging (DWI) (see also Chap. 4) with 
acceptable signal-to-noise ratio and spatial resolu- 
tion. In DWI, signal intensity reflects the degree of 
restriction of microscopic water movements in tis- 
sues and is correlated to tissue cellularity, the integ- 
rity of cell membranes and the amount of tissue 
fibrosis, which make it a very sensitive sequence for 
the detection of tumors and inflammation (Koh and 
Collins 2007). In addition, the DWI sequence allows 
obtaining quantitative data when apparent diffusion 
coefficient (ADC) maps are generated. This noninva- 
sive strategy that provides a complete assessment of 
the duodenum and of its environment can be per- 
formed in modern MR scanners in about 30 min. 



7.2.2 

Sequences (see Table 7.1) 

(a) T2-weighted sections are acquired in the axial and 
coronal planes using a single- shot TSE sequence 
during free breathing with respiratory trigger- 
ing or a navigator-echo, to minimize the need for 
patient cooperation. The field-of-view will include 
the whole liver, the pancreas, and the duodenum 
and section thickness is about 4-5 mm. Because it 
may decrease the delineation of duodenal and pan- 
creatic contours fat suppression is not routinely 
applied. It may be used whenever a paraduodenal 
inflammatory process is suspected. This sequence 
provides a very good contrast between the duo- 
denal lumen, the duodenal wall, and the pancreas 
parenchyma and depicts the bile ducts and the 
pancreatic ducts in cross-section. It is also used 
as a guide for MRCP acquisition and is generally 
acquired after secretin challenge when duodenal 
filling is complete in order to overcome pitfalls 
that may be related to a lack of duodenal disten- 
sion. T2 -weighted sequences are very sensitive for 
detecting cystic lesions. 
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Table 7.1 . MR Imaging protocol 



Sequence 


Parameters 


Axial and coronal T2 -weighted single-shot TSE 


Motion correction: respiratory triggering 

Echo time: 80 ms; echo train length: 72 

Parallel imaging: sense factor 2 in the phase-encoding 
direction 

Slice thickness: 4-5 mm 
FOV: 400 x 450 
Matrix size: 226 x 400 


Axial 3D GRE Tl -weighted 


Selective fat saturation 

Motion correction: breath-hold (18 s) 

Repetition time/echo time: 3.9ms/1.9ms 

Parallel imaging: sense factor 2 in the phase-encoding 
direction 

Slice thickness: 2 mm 
FOV: 400 x 400 
Matrix size: 192 x 256 


Coronal oblique T2-weighted thick slab single-shot TSE 
Dynamic MRCP 


Selective fat saturation 

Echo time: 1,000 ms; echo train length: 256 

Slice thickness: 20-50 mm 

FOV: 250 x 250 

Matrix size: 256 x 256 


Axial diffusion-weighted SE-EPI 


STIR fat suppression (inversion time: 180 ms) 

Motion correction: respiratory triggering 

Repetition time/echo time: 2,000 ms/70 ms 

Parallel imaging: sense factor 2 in the phase-encoding 
direction 

fr-values: 0.150, 1,000 s/mm 2 
Slice thickness: 5 mm 
FOV: 400 x 450 
Matrix size: 272 x 189 



time (in and out-of-phase) may also be used. If 
gadolinium administration is needed, the three- 
dimensional (3D) GRE sequence is repeated at 
least 3 times to obtain the information in the 
arterial, portal venous, and delayed phases. In 
order to optimize the arterial phase, fluoroscopic 
triggering of the contrast bolus will be used. 
Then multiphase angiographic renderings will 
be reconstructed from the source images. The 3D 
GRE sequence may also be used after the admin- 
istration of a gadolinium-chelate with biliary 
excretion whenever functional imaging of the 
bile ducts is necessary (Fayad et al. 2003). 



(b) Tl -weighted sections are obtained with a breath- 
hold three-dimensional gradient echo (3D GRE) 
fat suppressed technique generally in the axial 
plane with nearly isotropic voxels. This sequence 
allows improved spatial resolution and multipla- 
nar reformatting. However, patient cooperation 
is required. Fat suppression improves the delin- 
eation of the normal pancreas, which appears 
homogeneously bright compared to the sur- 
rounding low-intensity fat and with the duodenal 
wall, and provides further characterization of fat- 
containing lesions. To address the fat component 
of a lesion, 2D GRE sequences with a double echo 
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(c) Imaging of the bile ducts and of the pancre- 
atic ducts is obtained with a TSE T2-weighted 
sequence using a very long echo time (about 1 s). 
The routinely adopted sequence uses a single, 
20-50-mm-thick section that can be obtained in 
any desired plane during a single short breath- 
hold (<3 s). At least two different planes (coronal 
and transversal) are usually acquired, providing 
selectively display of pancreatic and bile ducts 
with no respiratory artifact and a relatively good 
in-plane resolution. This acquisition scheme 
is preferred to a 3D sequence because it allows 
acquiring dynamic views of the Vaterian sphincter 
complex (Kim et al. 2002a) and of the pancreatic 
ducts along with hormonal stimulation with 
secretin. Once the appropriate MRCP projection 
has been identified (usually coronal oblique, dis- 
playing the full length of the pancreatic duct, the 
biliary tract, and the duodenum), the same scan 
is repeated every 30 s for lOmin after intravenous 
secretin administration at a dose of 1 mL/lOkg of 
body weight (Matos et al. 1997). 

(d) DWI sections are obtained in the axial plane using 
a respiratory-triggered fat-saturated spin-echo 
echo-planar sequence (SE-EPI) with fo-values 
of 0 and 1,000 s/mm 2 and the same geometry 
parameters (number of slices, slice thickness 
and field-of-view) as the TSE T2-weighted acqui- 
sition. This allows combining both datasets 
(T2 -weighted and diffusion-weighted) in a fused 
image to increase the conspicuity of diffusion- 
positive lesions (Tsushima et al. 2007). 

a 

Magnetic Resonance Imaging Findings 

7.3.1 

General Considerations 

MRI will generally be obtained when a space occupy- 
ing lesion is suspected. To achieve a diagnosis we 
should determine the origin of the lesion (primary 
duodenal or from a surrounding organ, such as the 
pancreas), characterize its content (presence of fluid, 
blood, fat, or mainly solid components) and assess its 
extension (presence of a duodenal stricture, presence 
of dilated bile ducts, and of dilated main pancreatic 
duct, involvement of the groove between the duode- 
nal wall and the head of the pancreas, involvement 



of the pancreas parenchyma, and of the vascular 
structures). The multiplanar imaging characteristics 
and the high-contrast resolution of MRI will allow 
identifying these imaging features in the majority of 
the patients. In this chapter we present the MRI find- 
ings of the most common duodenal lesions generally 
diagnosed in patients addressed for bile ducts and 
pancreas investigations. 

7.3.2 

Lesions of Duodenal Origin 

7.3.2.1 
Diverticula 

The most frequent location of duodenal diverticula 
is along the medial wall of the second and third por- 
tions of the duodenum adjacent to the ampulla of 
Vater. They are generally incidentally discovered 
when performing MRCP studies. Rarely they may 
increase in size and become symptomatic because 
of bile duct obstruction or inflammatory changes 
(diverticulitis) that may be complicated by perfora- 
tion. If the ampulla of Vater drains into the diverticu- 
lum, it can be a source of difficult cannulation at 
endoscopic retrograde cholangiopancreatography 
(ERCP). At MRI often they present a fluid-air inter- 
face easily recognizable on axial T2 -weighted imag- 
ing. Coronal T2-weighted imaging (multisection and 
MRCP renderings) will better display the exact loca- 
tion and distance to the ampullary region and poten- 
tial associated dilation of the bile ducts and of the 
pancreatic duct. Secretin injection may help in ruling 
out any functional pancreatic duct obstruction and 
will allow to better demonstrate the connection with 
the duodenal lumen and the filling of the diverticu- 
lum (Fig. 7.1a-c). In case of any suspicion of bile duct 
obstruction, it may be useful to use a gadolinium 
chelate with biliary excretion to rule out any func- 
tional impairment to bile excretion (Fig. 7.2a-c). 

7.3.2.2 

Duodenal Duplication 

Duodenal duplications are rare and represent about 
4-12% of gastrointestinal tract duplications 
(Guibaud et al. 1996). Most often they are located in 
the medial wall of the second and third portions of 
the duodenum. Although patients may present with 
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Fig. 7.1. Duodenal diverticulum. Coronal T2-weighted im- 
age (a) shows the presence of a diverticulum on the medial 
wall of the second duodenum (arrow). Axial T2-weighted 
images (b) show the air-fluid level (arrow) and in the MRCP 



images obtained after secretin stimulation (c) the duodenum 
and the diverticular pouch (asterisk) are filled with fluid and 
obstruction of the main pancreatic duct is depicted 



abdominal pain or recurrent pancreatitis, most of 
the time these lesions are clinically silent. Typically 
they appear as a well-circumscribed cystic lesion 
lined by an epithelium and no communication with 
the duodenal lumen is observed. At MRI the lesion 
presents homogeneous high signal intensity and a 
thin and well-delineated hypointense peripheral rim 
on T2-weighted imaging. To better demonstrate the 
absence of communication with the duodenal lumen 
and rule out any communication with the bile ducts 
secretin administration along with MRCP will be 
helpful (Fig. 7.3a-c). 



7.3.2.3 

Duodenal Lipoma 

Lipomas are slow-growing tumors, most of the time 
solitary, and can occur anywhere in the duodenum 
(Thompson 2005). They may appear submucosal or 
as intraluminal mass. Generally, the lesion is inciden- 
tally discovered or when imaging is obtained because 
of a compressive lesion in a patient with epigastric 
pain and bleeding secondary to mucosal erosions 
diagnosed at endoscopy. MRI shows a well-delineated 
hyperintense lesion on nonfat- saturated Tl -weighted 
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Fig. 7.2. Duodenal diverticulum. Axial T2-weighted image 
(a) shows a duodenal diverticulum in its typical location 
(arrow). Tl-weighted coronal cholangiogram after admin- 
istration of a gadolinium chelate with biliary excretion (b) 
clearly depicts the duodenal diverticulum filled with con- 
trast (asterisk), with no evidence of biliary obstruction 

sequences and a hypointense lesion surrounded by 
the hyperintense duodenal fluid on fat-saturated 
T2 -weighted sequences or on MRCP which allows 
easy discrimination with a pancreatic pseudocyst 
(would be hyperintense on MRCP) (Fig. 7.4a, b). 

7.3.2.4 

Duodenal Hematoma 

Duodenal hematomas are most commonly of trau- 
matic origin or may be diagnosed in patients on 
anticoagulation therapy or with complicated acute 



pancreatitis. Location is generally subserosal and a 
duodenal stricture is commonly an associated find- 
ing. On MRI the diagnosis of a duodenal hematoma is 
generally easy to make when a space occupying lesion 
within or adjacent to the duodenal wall presents typi- 
cal signal changes on Tl-weighted imaging (heteroge- 
neous lesion with hyperintense peripheral ring related 
to hemoglobin degradation products) (Fig. 7.5a, b). 

7.3.2.5 

Duodenal Stromal Tumors 

These include leiomyomas, leiomyosarcomas, schwa - 
nommas, neurofibromas, and gastrointestinal stromal 
tumors (GISTs). GISTs are the most common mes- 
enchymal neoplasms of the gastrointestinal tract 
and are defined by their expression of a tyrosine- 
kinase growth factor receptor (KIT/CD 117). The 
expression of KIT is important to distinguish GISTs 
from the other stromal tumors and also to determine 
the appropriateness of KIT-inhibitor therapy (Levy 
et al. 2003). In a recent review of a series of 113 
patients (Hong et al. 2006), 9% of GISTs were located 
in the duodenum. Most commonly they have an 
exophytic growth pattern and manifest as space- 
occupying lesions outside the duodenal lumen displac- 
ing the pancreatic ducts and adjacent vessels. When 
lesions are very large, it may be difficult to identify 
the organ of origin. The lesions may present areas of 
hemorrhage, necrosis, or cyst formation, and there- 
fore on MRI the pattern of signal intensity is quite 
variable on both Tl- and T2-weighted sequences 
(Fig. 7.6a, b). After intravenous gadolinium adminis- 
tration the tumor enhances more prominently in the 
venous phase in large lesions (Fig. 7. 7a-d). Metastases 
(liver, peritoneum, soft tissue, lungs, and pleura) are 
found in nearly 50% of patients with GISTs (Nilsson 
et al. 2005). High fo-value DWI may be used and will 
show a mixed pattern according to the proportion of 
solid and cystic components. Also, DWI has the 
potential to assess the response to treatment with 
imatinib. Indeed treatment with imatinib results in 
decreases in the size of GISTs, but this response 
typically takes several months (Hong et al. 2006). 
Measuring the ADC of the lesion may allow identify- 
ing early changes after imatinib treatment. An 
increase in ADC may be observed as a result of an 
initial decrease in tumor cellularity. Interestingly, 
these changes in ADC of the tumor may occur before 
any reduction in tumor size is observed (Fig. 7.8a, b) 
(Patterson et al. 2008). 
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Fig. 7.3. Duodenal duplication. MRCP images before (a) and filled lesion with a thin wall (arrow) without communication 
after (b) secretin stimulation shows the presence in the sec- with the common bile duct or the duodenal lumen, as con- 
ond portion of the duodenum of a well-circumscribed fluid- firmed by endoscopy (c) 



7.3.2.6 most commonly located in the second portion of the 

Duodenal Adenocarcinoma duodenum adjacent to the ampullary region, and in 

such cases the differential diagnosis with ampullary 

Malignant primary neoplasms of the duodenum and of tumors may be impossible. Because the duodenum is 

the small bowel are rare and primary adenocarcinomas not lined in its posterior portion by the peritoneum, 

accounts for about 40-50%. About 50% of these are of invasion of the posterior fatty tissue is common. About 

duodenal origin (Lachachi et al. 1996). The lesions are 50% of the patients have metastases at the time of 
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Fig. 7.4. Duodenal lipoma. Coronal Tl-weighted image (a) 
shows the presence of a hyperintense round mass within 
the duodenal wall which appears as a hypointense area sur- 
rounded by fluid in the fat-saturated MRCP projection ob- 
tained after secretin administration (b) 

diagnosis (Ashley et al. 1988). The peak prevalence is 
in the seventh decade. Symptoms are variable and gen- 
erally related to associated complications (duodenal 
stenosis and/or common bile duct obstruction). At MRI 
the lesions are generally diagnosed when performing 
MRCP for distal common bile duct obstruction and are 
therefore associated to bile duct dilation. They may 




Fig. 7.5. Duodenal hematoma. Coronal (a) and axial (b) 
T2-weighted images show a large and heterogeneous mass 
located in the lateral wall of the second duodenum and a 
stenosis of the lumen. On axial fat-saturated Tl-weighted 
image the lesion has a peripheral hyperintense ring (asterisk 
in c) due to hemoglobin degradation products 

present as a polypoid intraluminal mass or as an intra- 
mural mass thickening the duodenal wall. Polypoid 
lesions in the duodenal lumen are easily identified on 
T2-weighted sequences when the lumen is distended 
with fluid after intravenous administration of secretin. 
They will appear as a soft tissue hypointense lesion out- 
lined by hyperintense fluid. Polypoid lesions may 
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Fig. 7.6. GIST. Axial T2-weighted images (a) shows a huge 
lesion with inhomogeneous texture and fluid-fluid level re- 
lated to intralesional hemorrhage and cystic components. 



MRCP (b) shows the extrinsic compression of the bile ducts. 
Coronal MR angiography renderings (c) shows the compres- 
sion of the superior mesenteric vein and inferior vena cava 



enhance after intravenous gadolinium administration 
(Fig. 7.9a-c). Intramural lesions not associated with 
duodenal or bile duct obstruction are more difficult to 
diagnose because they are nearly isointense to the nor- 
mal duodenal wall on T2- and on Tl -weighted imaging 
(Fig. 7.10a, b). Intravenous gadolinium administration 
may facilitate the diagnosis because the lesion generally 
enhances less than the normal duodenal wall. Although 
not yet widely used, DWI should be added to the con- 
ventional MRI protocol whenever the diagnosis is 
highly suspected, and no definite lesion is observed on 
T2-weighted and on gadolinium-enhanced T 1 -weighted 
sequences (Fig. 7.1 la, b). 



7.3.2.7 

Duodenal Lymphoma 

Lymphoid tissue is quite poor at the duodenal level, 
and therefore the involvement by lymphoma is rare. 
Lymphoma may be primary or more often secondary 
to systemic disease. Associated risk factors include 
Helicobacter pylori infection, immunosuppression after 
solid organ transplantation, celiac disease, inflamma- 
tory bowel disease, and human immunodeficiency 
virus infection. Imaging studies of lymphoma show a 
wide variety of appearances. Features that are strongly 
suggestive include a bulky mass or a diffuse bowel wall 
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Fig. 7.7. GIST. Coronal (a) T2-weighted image show a het- 
erogeneous mildly hyperintense mass (arrow) located in 
the duodenal genu under the head of the pancreas. Axial 
(b) gadolinium-enhanced fat-saturated Tl-weighted images 
shows clear enhancement in the delayed venous phase. The 
fusion image (c) obtained from the T2-weighted images and 
the DWI set in the axial plane shows a clear restriction in 
water diffusion within the tumor 



infiltration with preservation of fat planes and no 
obstruction, multiple site involvement and associated 
large size lymph nodes (Ghai et al. 2007). Bowel wall 
thickening is generally larger and better delineated 
than in adenocarcinoma. Associated "aneurismal" 



dilation of the duodenal lumen is highly suggestive of 
the diagnosis (Fig. 7.12a, b). Contrast enhancement 
after intravenous administration of gadolinium is gen- 
erally mild. 

7.3.2.8 

Duodenal Carcinoids 

Duodenal carcinoids may be discovered incidentally 
or may produce symptoms from hormonal or pep- 
tide production. They represent 2-3% of all gastroin- 
testinal neuroendocrine tumors. G-cell tumors 
(one-third produce the clinical manifestations of 
Zollinger-Ellison syndrome) are the most frequent. 
Eighty-five percent of sporadic G-cell carcinoids 
associated with gastrin production (also called gas- 
trinomas) are solitary lesions and occur in the "gas- 
trinoma triangle," which is anatomically defined as 
the region limited by the confluence of the cystic and 
common bile ducts superiorly, the second and third 
portions of the duodenum inferiorly, and the neck 
and body of the pancreas medially (Stabille 1984). 
When associated to multiple endocrine neoplasia 
type 1 (MEN-1) gastrinomas are usually multiple, of 
small size (<5mm) and located in the proximal duo- 
denum. About one-fifth of duodenal carcinoids are 
somatostatin-producing (D-cell) tumors and occurs 
exclusively in and around the ampulla of Vater. D-cell 
carcinoids are associated with neurofibromatosis 
type 1 (NF-1) (Levy et al. 2007). At imaging around 
50% of duodenal carcinoids manifest as polypoid 
masses and 40% as intramural masses. On MRI the 
lesions usually present variable signal intensity on 
Tl- and on T2-weighted sequences and are easily 
recognizable when intraluminal (Fig. 7.13). After 
intravenous gadolinium administration they usually 
enhance in the arterial phase which may be a helpful 
distinguishing feature compared to duodenal ade- 
nomas and adenocarcinomas which typically do not 
show arterial enhancement. 



7.3.2.9 

Duodenal Metastases 

Secondary involvement of the duodenum with other 
primary neoplasms can occur by means of local 
extension from a neighbor organ (pancreatic adeno- 
carcinoma most often) (Fig. 7.14) or metastases from 
distant sites, such as the colon, stomach, melanoma, 
breast, ovary, and lung. 
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Fig. 7.8. GIST. Axial T2-weighted images (a and c) and ADC value after treatment (from 450mm 2 /s to 1,300 mm 2 /s) that 
maps (b and d) of the same patient before (a and c) and after correlates with a good response in absence of any reduction 
treatment (b and d) with imatinib show an increased ADC in the size of the lesion 



7.3.3 

Lesions of Ampullary Origin 

7.3.3.1 

Choledococele 

Choledococele is the less frequent type of chole- 
dochal cyst. It is located in the intramural segment of 
the common bile duct and presents as a cystic dilation 
that herniates into the duodenal lumen. Associated 
common bile duct stones are the most common com- 
plication and in such case patients may have recur- 
rent abdominal pain and obstructive jaundice. 
Malignant transformation is rare and less frequent 
than with the other types of choledochal cysts. On 
MRCP the intramural segment of the common bile 
duct presents a clubbed appearance. T2-weighted 
cross- sectional MRI will display a focal, smooth, 
round, or ovoid fluid-filled "mass" protruding into 



the duodenal lumen at the major papilla (De Backer 
et al. 2000) (Fig. 7.15). 



7.3.3.2 

Ampullary Tumors 

Benign lesions include adenoma, leiomyoma, neuro- 
fibroma, hemangioma, and hamartoma. Adenoma is 
considered a premalignant lesion (Yamaguchi et al. 
1991), and its diagnosis is generally obtained at 
endoscopy. Ampullary carcinoma arise from the 
glandular epithelium of the ampulla of Vater and 
recent reports suggest that ampullary carcinoma 
should be classified as a duodenal cancer because 
ampullary and duodenal carcinoma share the same 
molecular development and the clinical outcomes of 
both are better than those of bile duct and pancreatic 
cancer. Jaundice is common and is generally the first 
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Fig. 7.9. Duodenal adenocarcinoma. Coronal T2-weighted 
image (a) secretin-enhanced MRCP (b) and gadolinium- 
enhanced coronal Tl-weighted image (c) show the presence 
of a large polypoid lesion rising from the medial wall of the 



symptom. Ampullary carcinomas may have a nodu- 
lar appearance or manifest as irregular periductal 
thickening. Both forms may present as protruding 
mass into the duodenum (Kim et al. 2002b). On MRI 



second duodenum which involves the duodenal papilla and 
determines obstruction of both the biliary and the pancre- 
atic ducts. The mass is easily depictable as the lumen is filled 
with fluid (a and b) and enhances 



an irregular inner margin of the distal common bile 
duct and/or of the main pancreatic duct allows dif- 
ferentiation with benign causes of ductal obstruc- 
tion. As for other periampullary lesions MRI should 
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Fig. 7.10. Adenocarcinoma of the fourth portion of the 
duodenum. The lesion appears as an isointense intramural 
thickening (circle) visible in the coronal T2-weighted im- 
age (a) without signs of obstruction. Comparative barium 
follow-through examination (b) clearly depicts the duodenal 
stricture (arrows) and its irregular borders 



be performed with secretin to achieve good duode- 
nal distension and increase the contrast between the 
intermediate signal of the tumor and the bright fluid 
in the duodenum. This strategy allows better assess 
the intraduodenal and the intraductal extension of 
the tumor (Fig. 7.16). 



7.3.4 

Lesions of Pancreatic Origin 
7.3.4.1 

Annular Pancreas 

Annular pancreas is a rare congenital variation in 
which pancreatic tissue in continuity with the head 
of the pancreas completely encircles the duodenum, 
usually in its second portion. In approximately 50% 
of the cases it is present in childhood with duodenal 
obstruction. This younger group frequently suffers 
from other associated abnormalities, such as Down's 
syndrome (Rizzo et al. 1995). In a review of 266 
patients with symptoms, 48% were adults (Kiernan 
et al. 1980). Symptoms are usually nonspecific and 
include abdominal pain, nausea, and vomiting. If 
acute pancreatitis develops, duodenal obstruction 
may occur. On MRI fat-suppressed Tl -weighted 
sequences are diagnostic by identifying a thickened 
and hyperintense duodenal wall tissue in continuity 
with the hyperintense head of the pancreas (Fig. 7. 17). 
MRCP along with secretin stimulation may show the 
ventral component of the main pancreatic duct encir- 
cling the duodenum (Fig. 7.18). 

7.3.4.2 

Paraduodenal Pancreatitis 

This entity is more and more diagnosed and repre- 
sents a distinct form of chronic pancreatitis occur- 
ring predominantly in and around the duodenal wall 
(near the minor papilla). It has been reported under 
various names, including cystic dystrophy of hetero- 
topic pancreas, pancreatic hamartoma of the duode- 
num,para-duodenalwallcyst,and groove pancreatitis, 
which reflect the different aspects of microscopic 
pathology (Ads ay et al 2004). In typical cases, the 
duodenal wall in the vicinity of the minor papilla 
shows myofibroblastic proliferation and Brunner's 
gland hyperplasia is prominent and contributes to 
the thickening of the duodenal wall. When hetero- 
topic pancreas is present cystically dilated pancreatic 
ducts can be identified (Triantopoulou et al. 2009). 
The disease affects mainly male patients with a his- 
tory of heavy alcohol consumption. The exact preva- 
lence is not known but ranges in between 2.7% and 
24.5% in surgical series of patients affected by chronic 
pancreatitis (Triantopoulou et al. 2009). Predomi- 
nant symptoms are upper abdominal pain, weight 
loss, and postprandial nausea and vomiting (due to 
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Fig. 7.11. Adenocarcinoma of the second portion of the duo- 
denum. The tumor presents as a circumferential thickening 
of the wall that appears isointense in the axial T2-weighted 
image (arrow in a), hypovascular in the coronal Tl-weighted 
image after gadolinium injection (circle in b) and strongly 



hypersignal in the axial images fused with the DWI set (ar- 
row in c). The apple-core appearance of the duodenal lumen 
in the MRCP image (arrow in d) typically shows the associ- 
ated duodenal stenosis) 



stenosis of the duodenum). Paraduodenal pancreati- 
tis has been divided into pure (the head of the pan- 
creas is spared), segmental (the pancreatic head and 
the ducts are affected) and nonsegmental (secondary 
to established chronic pancreatitis) forms (Becker et 
al. 1991). On MRI the pure form appears as a sheet- 
like mass filling the groove between the head of the 
pancreas and the thickened duodenal wall. This mass 
appears hypointense to pancreatic parenchyma on 
fat-suppressed Tl-weighted images and shows vari- 
able signal intensity on T2 -weighted images accord- 
ing to the time of disease's onset, being higher in 
subacute phase (due to oedema) and lower in chronic 
(due to more prominent fibrosis) (Blasbalg et al. 



2007). Cyst-like changes in the groove or the duode- 
nal wall will be better displayed on T2-weighted sec- 
tions. The cysts may be tiny or quite large. In case of 
heterotopic pancreas a dilated duct with pseudocysts 
maybe identified. Additional findings include duode- 
nal stenosis with or without associated gastric dila- 
tion. On MRCP the bile ducts and the main pancreatic 
duct will have a normal appearance (Fig. 7.19). In the 
segmental form the inflammatory process extends to 
the pancreatic head and associated stenosis of the 
common bile duct and of the main pancreatic duct 
will be seen on MRCP. The strictures are generally 
smooth, long, and incomplete and associated with 
mild upstream dilation. Involvement of the pancreas 
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Fig. 7.12. AIDS related duodenal lymphoma. Axial (a) and surrounding fatty tissues. Coronal gadolinium-enhanced 

coronal fat-saturated (b) T2-weighted images show a homo- Tl-weighted image (c) shows mild enhancement of the lesion 

geneous well-defined duodenal wall thickening (arrow in a) (courtesy of Drs Bart Op de Beeck and Anemie Snoeckx from 

with aneurismal dilation of the lumen and no extension to the University Hospital of Antwerpen, Belgium) 



parenchyma in the head is easier to identify on 
DWI compared to T2-weighted imaging (Fig. 7.20). 
Paraduodenal pancreatitis may also be complicated by 
classical changes of chronic pancreatitis or be a conse- 
quence of chronic pancreatitis when superimposed 
acute pancreatitis extends to the groove. In all cases, 
intravenous gadolinium should be administered to 
help differentiate pancreatitis and carcinoma. In a 
recent preliminary experience a patchy focal enhance- 
ment in the portal venous phase was more com- 
monly observed in groove pancreatitis and peripheral 
enhancement was only observed in groove carcinomas 
(Ishigami et al. 2009). Another clue for the differential 
diagnosis consists in identifying the relationship 



between the groove lesion and the gastroduodenal 
artery. In carcinomas the gastroduodenal artery is 
located between the lesion and the duodenum while in 
pancreatitis it is displaced leftward (Ishigami et al. 
2009). In any case the presence of marked pancreatic 
duct dilation should be considered as a suspicious fea- 
ture for the presence of a carcinoma. 

7.3.5 

MRI Compared to CT 

No comparative studies of both modalities have 
been produced. Multidetector computed tomography 
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Fig. 7.13. Duodenal somatostatinoma. Axial TRUE-FISP (a) of the mass (arrow) (courtesy of Drs Bart Op de Beeck and 

shows a well-defined intraluminal mass at the ampulla of Anemie Snoeckx from the University Hospital of Antwerpen, 

Vater with no signs of obstruction. Gadolinium-enhanced fat- Belgium 
saturated Tl -weighted image (b) shows an avid enhancement 




Fig. 7.14. Adenocarcinoma of the pancreas. Axial T2 -weighted 
image shows a tumor in the body of the pancreas with ir- 
regular and spiculated contours that extends to the adjacent 
third portion of the duodenum determining a direct invasion 
(arrow) 



(MDCT) is more available and image acquisition is 
standardized. Therefore it is considered the optimal 
cross-sectional imaging technique for evaluating 
duodenal disorders. Thin collimation and multi- 
phase acquisition after iodine contrast administra- 
tion allows obtaining high-quality off-axis scans, 
especially helpful in evaluating duodenal and para 
duodenal space-occupying lesions and the sur- 
rounding vessels. MDCT plays a vital role in the 
diagnosis of traumatic injuries and is a reliable diag- 
nostic method for evaluating inflammatory pro- 
cesses of the duodenum secondary to pancreatitis. 
In this context the major contribution of MRI is 
related to its capabilities of providing noninvasively 
MRCP renderings and to its superior contrast reso- 
lution which allows identifying the majority of duo- 
denal disorders, especially congenital anomalies, 
cystic lesions, and inflammatory processes involving 
the duodenal groove. 
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Fig. 7.1 5. Choledococele. Axial (a), coronal (b) T2-weighted im- Comparative ERCP (d) and endoscopic view (e) show the bulging 
ages and MRCP (c) images depict a cystic fluid-filled dilation intraluminal sacculation and the major papilla orifice (arrow) 
of the intramural segment of the common bile duct (arrow). 
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Fig. 7.15. continued 




Fig. 7.16. Carcinoma of the ampulla. Coronal T2-weighted 
images before (a) and after (b) secretin injection demon- 
strate the presence of a nodular thickening of the duodenal 
papilla (arrow) that irregularly protrudes into the lumen and 



determines distal obstruction and dilation of both the com- 
mon bile duct and the pancreatic duct as clearly showed on 
MRCP image (c) 
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Fig. 7.17. Annular pancreas. Axial fat-saturated Tl-weighted 
image (a) shows the presence of hyperintense ring of pan- 
creatic tissue that completely encircles the second portion of 
the duodenum (arrows). The MRCP image (b) obtained after 
secretin injection shows the associated duodenal stenosis (ar- 
row) but failed to demonstrate the ventral pancreatic duct 




Fig. 7.18. Annular pancreas. MRCP image after secretin injec- 
tion shows the ventral component of the main pancreatic 
duct encircling the duodenum 





Fig. 7.19. Paraduodenal pancreatitis (pure form). Coronal 
(a) and axial (c) T2-weighted images shows the presence of 
an heterogeneous "mass" in the groove between the head of 
the pancreas and the duodenal wall, with evidence of linear 
fluid-filled structures (arrow) corresponding to heterotopic 



pancreatic ducts. MRCP (b) shows the strictured duode- 
nal lumen and the normal caliber of the bile and pancre- 
atic ducts. Fused T2-weighted and DWI images (d) shows 
restricted water diffusion within the groove, sparing the 
pancreatic head 
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Fig. 7.20. Paraduodenal pancreatitis (segmental form). Coro- 
nal fat-saturated T2-weighted image (a) shows the presence of 
a pancreatic head pseudo-mass (asterisk) with peripancreatic 
edema and duodenal lumen narrowing. The common bile duct 
(thin arrow) and the main pancreatic duct have (thick arrow) 




a smooth and incomplete stenosis, associated to a dilation of 
the intrahepatic biliary tree, as shown on the MRCP image 
(b). The axial T2-weighted (c) and the fused T2-weighted and 
DWI images (d) clearly demonstrate the involvement of the 
pancreatic head that show restricted water diffusion 
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Fig. 7.21. Paraduodenal pancreatitis and chronic pancreati- 
tis. Coronal T2-weighted section (a) and MRCP (b) show a 
duodenal stricture and a common bile duct and main pan- 
creatic duct stricture. Tiny cystic lesions are depicted in the 



groove between the duodenal wall and the head of the pan- 
creas. Axial gadolinium-enhanced fat-saturated Tl-weighted 
image (c) shows peripheral enhancement of the lesion 
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KEY POINTS 



MR enterography has become an important tech- 
nique for imaging of the small bowel. Technical 
advances, especially fast imaging techniques, were 
a major impetus for this development. Luminal 
distension is obtained by oral intake of a contrast 
agent; often a biphasic contrast agent is used. This 
has been shown to be sufficient to demonstrate 
pathologic findings. The major indication for MR 
enterography is follow-up of disease activity in 
Crohn's disease. It can also be used as an alterna- 
tive for endoscopy and MR enteroclysis for the 
work-up of patients with symptoms most likely 
related to small bowel diseases and for specific 
conditions such as lymphoma and small bowel 
polyps. Patient acceptance of MR enterography is 
high when compared to MR enteroclysis and 
colonoscopy, which is important for frequent 
application of the technique for monitoring treat- 
ment. Thereby, the technique has logistical advan- 
tages over MR enteroclysis. 



8.1 



Introduction 

In the last 15 years, imaging of the small bowel has 
improved with great steps. With endoscopic tech- 
niques, the stomach and colon can be easily reached, 
but the use of traditional endoscopy for evaluation of 
the small bowel is limited, owing to the length and 
location of the small bowel. Over the years, new meth- 
ods have been developed for better visualization of 
the small bowel. Wireless video capsule, double- 
balloon enteroscopy, and imaging techniques have all 
been designed for this purpose. Traditionally, imaging 
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of the small bowel was done by barium enteroclysis, 
the first technique to visualize the entire small bowel. 
The limitation of conventional enteroclysis is that 
only abnormalities of the luminal wall could be visu- 
alized. The development of cross-sectional imaging 
techniques cleared this void. Computed tomography 
(CT) can be used for this purpose; its only disadvan- 
tage is the use of radiation that is not favorable to 
younger patients. Ultrasound is not associated with 
ionizing radiation exposure and gives valuable infor- 
mation on bowel diseases. However, the field of view 
is limited by bowel gas and some areas of the GI tract 
are not assessable with abdominal ultrasound. Also, 
comparison between studies is hampered as only 
limited views are captured. 

For a long time, high-quality MR imaging of the 
small bowel was not considered to be possible because 
of long acquisition times and therefore artifacts asso- 
ciated with respiration and bowel peristalsis. Since 
the development of rapid imaging techniques and the 
possibility to perform sequences in one breath-hold, 
small bowel imaging became possible. With MR 
enterography and enteroclysis, not only can luminal 
pathologies be visualized better, but it has also the 
possibility to look at extra-luminal pathologies, 
which is not possible with endoscopic techniques. 
The lack of ionizing radiation and better patient 
acceptance than MR enteroclysis (Negaard et al. 
2008) make MR enterography (MR with oral contrast 
intake) a suitable technique for the assessment of 
small bowel diseases. A weakness of MR enterogra- 
phy when compared to MR enteroclysis is the sub op- 
timal distension of the proximal jejunum, that is 
superior in MR enteroclysis (Negaard et al. 2007). 
Readers are referred to Chap. 9 for MR enteroclysis 
and Chap. 10 for the clinical role of MRI enterogra- 
phy in relation to other diagnostic techniques. 



8.2 



Contrast Media Used 
for MR Enterography 

To adequately assess small bowel pathology, optimal 
luminal distension has to be achieved. The first MR 
enterography studies were performed without oral 
contrast (Shoenut et al. 1993, 1994). Side-by-side 
data comparison concerning MRI of the small bowel 
with and without oral contrast administration have 
not yet been performed. One study that compares MR 
enteroclysis with MRI without oral contrast has found 



that the reliability for luminal findings increases when 
luminal contrast is given (Wiarda et al. 2009). 

In MR enterography, the patient drinks the contrast 
agent prior to the exam, as opposed to MR enterocly- 
sis, where the luminal contrast is given through a 
naso-duodenal tube during the examination. 

There are many contrast agents studied for small 
bowel MRI. Important features of a good contrast 
agent are a high contrast resolution between the 
bowel wall and the small bowel lumen and homoge- 
neous signal intensity of the lumen. 

Contrast media can be classified according to how 
they appear on Tl- and T2-weighted images. Negative 
contrast agents give low signal intensity on Tl- and 
T2-weighted images ("dark lumen"), whereas posi- 
tive contrast agents produce high signal intensity on 
Tl- and T2 -weighted images ("bright lumen"). 
Biphasic contrast agents give high signal intensity on 
one sequence and low signal intensity on the oppo- 
site sequence. Here, a short description is given con- 
cerning contrast agents. Readers are referred to Chap. 
3 for more details on contrast agents. 

8.2.1 

Positive Oral Contrast Agents 

Most of the positive contrast agents used are para- 
magnetic substances based on gadolinium- chelate, 
ferrous or manganese ions. An increase in signal 
intensity at Tl -weighted sequences (appearing as 
bright lumen) is caused by the paramagnetic effect 
that causes a reduction in the Tl relaxation time. 
There is no effect on T2 relaxation time in the con- 
centrations used in clinical practice, so on T2-weighted 
images the signal intensity is also high because of the 
high water content of the contrast agent. 

Wall thickening is demonstrated well by positive 
oral contrast agents. A limitation of positive oral con- 
trast agents is that the luminal high signal intensity 
at Tl -weighted sequences may interfere with the 
enhancement of the bowel wall after the administra- 
tion of intravenous contrast. 

Gadopentate dimeglumine (Magnevist Enteral, 
Schering AG, Berlin, Germany) is a commercially 
available positive oral contrast agent. It consists of 
l.Ommol/L gadolinium-DTPA with 15g/L mannitol 
(to reduce water reabsorption in the bowel). The 
gadolinium-DTPA is absorbed only in trace amounts. 
Mild side effects (flatulence, diarrhea, and thin stools) 
occur in 11% of patients. These are caused by the 
addition of the mannitol (Kaminsky et al. 1991). 
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Ferric ammonium citrate is another example of a 
positive oral contrast agent. This oral contrast agent 
is a mixture of granular and crystalline powders 
based on iron salt with paramagnetic effects, and has 
to be dissolved in water (600-1,200 mg in 600 mL). 
Some patients (15%) report minor gastrointestinal 
side effects (Kivelitz et al. 1999). 

Also, natural substances may act as positive con- 
trast agents. Substances such as milk, green tea, and 
blueberry juice appear bright on MR because the 
contents of these substances shorten the Tl relax- 
ation time (Giovagnoni et al. 2002). Limitation of 
these positive contrast agents is that their signal 
intensity is not constant through the gastrointestinal 
tract. 



8.2.2 

Negative Oral Contrast Agents 

Negative oral contrast agents are superparamagnetic 
substances that are based on iron oxide particles. 
They act by inducing local field inhomogeneties, thus 
resulting in shortening Tl and T2 relaxation time. 
The signal intensity on both Tl- and T2-weighted 
images is thus much lower ("dark lumen" appear- 
ance). This is especially true for Tl -weighted images 
when using gradient echo sequences, as these are 
highly sensitive to local field inhomogeneity. These 
local field inhomogenities could hypothetically lead 
to an underestimation of bowel wall thickness. No 
studies have evaluated this potential drawback. The 
accuracy of detecting Crohn's disease (CD) lesions is 
similar on Tl - and T2-weighted images (93% vs. 95%) 
(Maccioni et al. 2006). The hypointense bowel wall is 
visualized due to the negative contrast in the bowel 
lumen and the high signal intensity of the mesenteric 
fat. The administration of intravenous contrast gives 
additional tissue contrast between the intestinal wall 
and pathologic findings (inflammation or tumor). 
The pathologic bowel wall is hyperintense after con- 
trast injection and the lumen remains hypointense. 
Fat suppression is recommended to suppress the high 
signal intensity of the mesenteric fat for optimal con- 
trast after intravenous contrast injection. 

Ferumoxsil (Lumirem; Laboratoires Guerbet, 
Paris, France) is a negative contrast agent, which con- 
tains superparamagnetic particles of iron oxide 
coated in a layer of silicone that prevents it from 
being absorbed by the small bowel. Side effects 
include mostly minor gastrointestinal symptoms 
(Maccioni et al. 2000). 



8.2.3 

Biphasic Oral Contrast Agents 

Biphasic contrast agents are now the most widely 
used oral contrast agents for MR enterography. Most 
of the available biphasic agents have low signal inten- 
sity on Tl -weighted images and high signal intensity 
on T2-weighted images. On Tl -weighted images, the 
contrast between the enhancing bowel wall and the 
dark lumen is optimized. 

Water has been used as a luminal contrast agent, 
as it has several advantages: it is widely available, 
cheap, and safe. A disadvantage is that it is rapidly 
absorbed, often before it reaches the terminal ileum 
(Lomas and Graves 1999). Therefore, various addi- 
tives have been proposed to diminish intestinal 
absorption. Mannitol is an osmotic agent that can be 
added, but can also cause osmotic effects such as 
diarrhea and cramping (Lauenstein et al. 2003). 
Nonosmotic agents such as locust bean gum (a thick- 
ening agent extracted from the seeds of the European 
carob tree) can also be used or in combination with 
mannitol (Lauenstein et al. 2003). 

Polyethylene glycol solution (PEG), often used as 
a bowel cleansing agent, is a poorly absorbed carbo- 
hydrate that retains fluid in the bowel lumen. As a 
secondary effect, it promotes peristalsis and leads to 
the evacuation of bowel contents several hours after 
ingestion. Good distension has been achieved with 
the administration of 600 mL; increasing the dosage 
did not improve distension (Laghi et al. 2001; 
Pallotta et al. 1999). Similar to mannitol, PEG can 
cause side effects such as cramping and diarrhea. We 
prefer mannitol over PEG, as PEG is less appreciated 
by patients because of its salty taste. 

Barium sulfate, often used in conventional fluo- 
roscopic exams, can be used as biphasic contrast 
agent. The signal intensity depends on the concen- 
tration. The advantage of barium sulfate is the high 
safety and low cost. It is also widely available. The 
taste is a drawback for the use of barium sulfate. 
Gastrointestinal side effects have been reported 
(Burton et al. 1997). 

In our practice, we use 200 mL of mannitol 20% 
and 1,400 mL of tap water (2.5% mannitol solution) 
as this is well accepted and results in good disten- 
sion. Patients refrain from eating and drinking 4h 
before the exam, although drinking water is permit- 
ted. One hour prior to the exam, the patient starts 
with drinking the mannitol-water solution in ali- 
quots of 1 cup per 5 min. Mannitol is a well-accepted 
oral contrast agent, with a neutral taste. For better 
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acceptance, a sweetener such as syrup can be added. 
A precaution is that colonoscopy with electrocoagu- 
lation should not be performed directly after an MR 
enterography with a mannitol solution. This as 
methane and hydrogen are formed when mannitol 
dissociates. 



8.2.4 

Intravenous Contrast Agents 

Detection of active inflammation can be improved by 
the administration of intravenous contrast, especially 
in patients with CD (Low et al. 2002; Schunk et al. 
2000). The peak bowel wall enhancement is found in 
the portal venous phase at 60-70 s in normal patients 
without caloric intake (Lauenstein et al. 2005). In 
patients with CD, the peak enhancement of the bowel 
wall may vary. A study with dynamic MRI has shown 
that the mean peak enhancement in patients with 
active CD is after 39 s (±19 s) (Florie et al. 2006). In 
our institution, we administer Gadolinium (0.1 mL/ 
kg) and start with the postcontrast series after 60 s. In 
patients with renal impairment (low glomerular fil- 
tration rate) or pregnancy, the usage of intravenous 
contrast is contraindicated. 



8.2.5 

Anti-Spasmolytic Agents 

To prevent blurring or artifacts due to peristalsis, 
antispasmolytic agents are often administered. This 
is especially important in fast gradient echo series 
(such as 3D Tlw interpolated volume imaging series, 
see sequences) and to avoid intraluminal flow-void 
artifacts in Half-Fourier single shot RARE sequences. 
Either iV-butyl scopolamine bromide (Buscopan, 
Boehringer, Ingelheim, Germany) or glucagon can be 
utilized for this purpose (in the USA, Buscopan is not 
approved for this use by the Federal Drug 
Administration). Although the aperistalsis has been 
reported to be significantly longer with glucagon 
(18.3 ± 7min) than with buscopan (6.8 ± 5.3 min) 
(Froehlich et al. 2009), we use buscopan in our 
clinic because of lower costs and the fact that busco- 
pan gives aperistalsis long enough to perform the 
necessary sequences. The dose of Buscopan is 20 mg 
intravenously just before the contrast-enhanced 
sequence. 



8.3 



Technique 

The implementation of fast imaging techniques made 
it first possible to perform sequences in one breath- 
hold. All sequences in this chapter are performed in 
breath-holds. Breath-holds are usually between 15 
and 25 s. For breath-holds over 15 s, hyperventilation 
directly prior to the sequence is advised. Good expla- 
nation of the procedure and length of the breath- 
hold is mandatory. 

Most abdominal imaging is done on 1.5 T MR 
scanners. The sequences in this chapter can all be 
applied to these scanners, but in slightly adapted 
form applied to 1 T and 3 T scanners as well. For dis- 
cussion of the technical challenges at 3 T, the reader 
is referred to Chap. 2. 

Patient position 

Most institutions will perform MR enterography in 
supine position. This is more comfortable, especially 
in older individuals. Prone imaging is advised by 
some researchers. This gives compression of the 
bowel loops resulting in better loop separation and 
can give some reduced scan coverage due to a smaller 
bowel cavity in the coronal plane. In a study that 
investigated this subject, prone scanning position 
did lead to improved small bowel distension but not 
to improved lesion detection (Cronin et al. 2008). We 
perform MR enterography in supine position, as this 
is more comfortable. 



Patient acceptance of MR enterography 

MR enterography is generally tolerated well by patients. 
In a study that evaluated patient acceptance of MR 
enterography and MR enteroclysis in 38 patients, MR 
enterography was preferred by patients and these 
patients experienced less abdominal pain and discom- 
fort associated with the procedure (Negaard et al. 
2008). Also, more patients were willing to repeat the 
MR enterography than the MR enteroclysis. 

Other advantages of MR enterography are the 
shorter image time when compared with MR entero- 
clysis (fixed protocol for MR enterography while the 
length of the MR enteroclysis is dictated by obtaining 
optimal distension) and favorable logistics (the naso- 
duodenal tube has to be placed under fluoroscopic 
guidance before the MR enteroclysis). 
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8.3.1 

Sequences 

For adequate assessment of the small bowel, multiple 
sequences have to be performed. This section gives 
an overview of sequences useful for MR enterogra- 
phy. For more details on sequences, the reader is 
referred to Chap. 1 . 

8.3.1.1 

Half-Fourier Single Shot RARE (HASTE) 

The Half-Fourier single shot RARE (Half Fourier 
Single Shot Turbo Spin-Echo, HASTE) sequence is 
often performed in the axial and coronal plane. This 
sequence generates images with a strong T2- weighting. 
Because of short acquisition times (less than 1 s per 
slice), breathing artifacts are minimal. Normal bowel 
wall has low signal intensity on HASTE sequences, an 
increased signal intensity can be seen in edematous 
lesions (inflammation). The HASTE sequence can be 
sensitive to intraluminal flow-void artifacts. These 
can occur because of peristaltic motion, but can be 
limited if spasmolytic drugs are given. The HASTE 
sequence can be used for measuring wall thickness, 
because it is not sensitive to the chemical shift arti- 
fact. HASTE images can be performed using fat sup- 
pression. Fat and edema (intramural edema of the 
bowel wall is indicative of inflammation) both have 
high signal intensity on T2-weighted images. To visu- 
alize the difference between both entities, a sequence 
with fat suppression is recommended. 

For more functional information, a dynamic thick 
slab T2 -weighted TSE hydrography sequence can be 
performed. 



8.3.1.2 

Balanced Steady-State Free Precession 

The balanced steady-state free precession (true Fast 
Imaging with Steady-state Precession; True-FISP) 
sequence, although now often used in MR enterog- 
raphy, was first introduced for MR enteroclysis 
(Gourtsoyiannis et al. 2000). This sequence is more 
complex in generation of tissue contrast. This tissue 
contrast comes from both Tl and T2 in a ratio, 
namely the T2/T1 ratio. A higher ratio corresponds 
with higher signal intensity. At 1.5 T, the bowel wall 
has an intermediate to low signal intensity and fluids 
have a high signal intensity. 



The true-FISP sequence is sensitive to susceptibil- 
ity artifacts and magnetic field inhomogenities. 
Flow- void artifacts in the bowel lumen are not com- 
mon due to the balanced and symmetric design of 
the gradients, so the use of antiperistaltic drugs is 
not needed. The most common artifact in the true- 
FISP sequence is the black boundary artifact, due to 
chemical shift. This artifact is seen where both fat 
and water protons are present in a voxel. It is based on 
a phase-cancellation effect of the fat and water within 
the same voxel. 



8.3.1.3 

Tl -Weighted Sequences 

Contrast-enhanced Tl -weighted gradient echo 
sequences with fat suppression are performed to assess 
whether there are areas of increased enhancement. 
These sequences are performed either two-dimen- 
sional (2D) or three-dimensional (3D). Commonly 
used is the 3D Tlw interpolated volume imaging 
sequence (3D VIBE: Volumetric Interpolated Breath- 
Hold Examination or comparable sequences (see 
Chap. 1)). To reduce the acquisition time, small flip 
angles and short TR (repetition time) are used. The 
authors recommend a precontrast coronal series and 
coronal and axial postcontrast series to optimal 
assess the bowel wall enhancement. 3D ultrafast gra- 
dient echo sequences are sensitive to bowel peristal- 
sis, so spasmolytic drugs are advised. We administer 
the spasmolytic agent directly prior to the intrave- 
nous contrast agent administration. 

8.3.1.4 

Diffusion-Weighted Imaging (DWI) 

DWI at MR enterography has been researched 
recently in one small study of 1 1 patients for detec- 
tion of active CD (Oto et al. 2009). DWI reflects the 
changes in water mobility caused by interactions 
with macromolecules and cell membranes. This is 
measured by the apparent diffusion coefficient 
(ADC) value. In patients with active CD, ADC values 
are decreased, indicating diffusion restriction. The 
sensitivity for detecting inflammation with DWI was 
95% and specificity 82%. More studies have to be 
performed to test the reproducibility of these data 
and the relevance in comparison with other MR find- 
ings. For more technical details on DWI, readers are 
referred to Chaps. 1 and 4. 
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8.3.1.5 
Cine Imaging 

Additional cine MR imaging can be added to MR 
enterography to obtain information about peristal- 
sis and bowel motion. The most common indication 
is the diagnosis of adhesions, which are visualized 
by fixation of bowel loops and lack of normal peri- 
stalsis (see Chap. 16). This is best seen on true-FISP 
images. 

Alternately, information about bowel peristalsis 
can also be seen on the different MR sequences to 
assess the difference between bowel peristalsis and 



functional stenosis. Readers are referred to Chap. 15 
for more information on bowel motility. 

In our hospital, we perform HASTE, true-FISP, and 
3D Tlw interpolated volume imaging sequences (see 
Table 8.1). The HASTE and true-FISP images are per- 
formed in the coronal and axial plane. We perform 
one coronal precontrast 3D Tlw interpolated volume 
imaging and a coronal and axial postcontrast 3D Tlw 
interpolated volume imaging. All axial sequences are 
executed in 2 or 3 stacks, depending on the size of the 
patient. The antispasmolytic agent is given just before 
the postcontrast series. The total in room time of the 
examination is approximately 45 min. 



Table 8.1. MR protocol for 1.5 T scanner with external phased array coil 



mum 


2 


3 


4 


5 


6 


7 


8 


Sequence 


True-FISP 


HASTE 


HASTE 


True-FISP 


VIBE 


VIBE 


VIBE 


Generic sequence 
name 


Balanced 

state free 
precession 


Half-Fourier 
sinplp shot 
RARE 


Half-Fourier 
sinplp shot 
RARE 


Balanced 
free precession 


3D Tlw 

volume 
imaging 


3D Tlw 

volume 
imaging 


3D Tlw 

i nt p r n n 1 a t p H 

volume 

imaging 


Aquisition time 


0:12 


0:24 


0:38 


0:22 


0:28 


0:28 


0:21 


PAT (SENSE) 


2 


Off 


Off 


2 


2 


2 


2 


Voxel size 


2.0 x 1.2 


2.7 x 2.0 


1.6 x 1.2 


1.5 x 0.9 


2.2 x 1.8 


2.2 x 1.8 


2.0 x 1.6 


Plane 


Coronal 


Coronal 


Transverse 


Transverse 


Coronal 


Coronal 


Transverse 


Slices 


23 


40 


40 


40 


80 


80 


120 


Distance factor (%) 


0 


5 


5 


0 


20 


20 


20 


Phase encoding dir. 


R>L 


R>L 


A>P 


A>P 


R>L 


R>L 


A>P 


FOV read (mm) 


450 


400 


360 


350 


450 


450 


400 


FOV phase (%) 


84.4 


100 
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3.23 
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81 
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1.12 


1.14 


Average 


1 


1 


1 


1 


1 


1 


1 


Flip angle (degrees) 
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12 


12 


12 
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Fat sat 
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256 


384 
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Phase resolution (%) 


60 


76 


76 


60 


80 


80 


80 
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501 


275 


275 


501 


490 


490 


490 


Turbofactor 




195 


195 
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8.4 



Results 
8.4.1 

Crohn's Disease 

Diagnosis and therapy monitoring for CD is the major 
indication for performing MR enterography. CD is an 
inflammatory bowel disease that is most often located 
in the terminal ileum (Maglinte et al. 2003) and is 
often diagnosed in younger patients. The disease is 
chronic and often patients relapse and remit. Because 
clinical symptoms do not accurately represent CD 
disease activity, other methods have been researched. 
MRI is capable of diagnosing CD, evaluating severity 
and monitoring treatment response (Koh et al. 2001; 
Shoenut et al. 1993, 1994). Several findings seen on 
MRI reflect active disease activity of CD. 

In CD, pathological bowel segments are separated 
by normal bowel ("skip lesions") (Fig. 8.1). This pat- 
tern is typical for CD and is not found in ulcerative 
colitis, where a continuous region of inflammation 
starting in the rectum and up to the more proximal 
bowel is the common presentation. 



8.4.1.1 

Bowel Wall Thickening 

Normal bowel wall thickness is 3 mm or less when 
the bowel is distended. In patients with active CD the 
bowel wall can be thickened, due to edema and infil- 
tration or preexisting fibrosis. The bowel wall can be 




Fig. 8.1. Thirty-five-year-old patient with Crohn's disease. 
Transverse true-FISP image with fat saturation shows skip 
lesions in the ileum; multiple stenoses are visible (arrows) 



more than 10 mm thick (Fig. 8.2). Good correlation is 
found between bowel wall thickness seen on MRI 
and colonoscopy with biopsies and histology, where 
inflamed bowel wall had a greater bowel wall thick- 
ness than noninflamed bowel wall (Punwani et al. 
2009; Girometti et al. 2008). In a study of 18 patients, 
MR estimates of bowel thickness demonstrated 




Fig. 8.2. (a) Twenty-three -year- old female patient with 
Crohn's disease. Transverse fat suppressed true-FISP 
image shows thickened ileal wall (arrow) with an ulcer- 
ation (curved arrow), (b) Coronal Tlw interpolated volume 
imaging image after intravenous contrast shows three- 
layered enhancement of the bowel wall (arrow) with ulcer- 
ation (curved arrow) 
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strong association with bowel wall thickness of 
matched histological coupes and also with degree of 
inflammation (Punwani et al. 2009). 

In patients with active CD, the mean maximum wall 
thickness is significantly greater than in patients with 
inactive disease (6.7mm vs. 3.3mm, p < 0.01) (Koh 
et al. 2001). For adequate measurement of bowel wall 
thickness, optimal bowel distension has to be achieved. 
Nonoptimal distension can lead to false-positive results 
because collapsed bowel wall can mimic bowel wall 
thickening. Therefore, the MR enterography sequences 
have to be scrutinized for the sequence with the most 
optimal distension of a certain bowel segment. 

8.4.1.2 

High Signal Intensity of the Bowel Wall 
on T2-Weighted Images 

High signal intensity on T2-weighted images is often 
seen in tissues where edema/inflammation is present. 
In patients with active CD, the bowel wall has a higher 
signal intensity compared to non-affected bowel wall. 
High signal intensity on T2 -weighted images has a 
good correlation with biological parameters such as 
Crohn's Disease Activity Index (CDAI) and labora- 
tory values such as c-reactive protein and histology 
(Maccioni et al. 2000; Punwani et al. 2009). In a his- 
tology matched study, the mural signal intensity on 
T2-weighted images was compared with cerebrospi- 
nal fluid (CSF) signal intensity. The ratio of these 
signal intensities (T2 mural/CSF) was positively cor- 
related with histology (a higher ratio denotes a more 
inflamed bowel wall) (Punwani et al. 2009). 

The use of fat suppression in T2-weighted sequen- 
ces can be useful, to distinguish edema from fat 
(which also has a high signal intensity). 

8.4.1.3 

Enhancement After Intravenous 
Contrast Administration 

Bowel wall enhancement seen on postcontrast 
Tl -weighted images has long been one of the most 
important findings for active CD (Florie et al. 2006; 
Miao et al. 2002; Pupillo et al. 2007). In a study with 
28 patients, the severity of CD was correctly depicted 
in 93% of patients using Tl -weighted contrast- 
enhanced series vs. in 43% of patients at single-shot 
fast SE imaging (Low et al. 2002). Recently, in a study 
with histological matching, there was no correlation 



found between degree of inflammatory activity and 
degree of enhancement of the bowel wall (Punwani 
et al. 2009). A reason for this phenomenon could be 
that changes in the bowel wall in CD (e.g., presence of 
fibrosis, edema, neo-angiogenesis) are more complex 
to be seen as simple enhancement. Inter- and intrao- 
bserver variability of enhancement is reported to be 
poor, but improving after choosing fixed regions-of- 
interest (Sharman et al. 2009). New techniques, such 
as Tl -mapping, are being developed to overcome 
these deficiencies, as this results in objective Tl mea- 
surements (Horsthuis et al. 2009b) (see future pros- 
pects of MR enterography). 

8.4.1.4 

Bowel Wall Stratification 

Different patterns of bowel wall enhancement are 
described in CD at MRI similar to at CT where multi- 
layered appearance of the bowel wall was associated 
with inflammatory activity (Choi et al. 2003). These 
results have also been reproduced with MR imaging 
(Del Vescovo et al. 2008; Miao et al. 2002). Different 
stratification patterns are described in the literature. 
Enhancement can be mucosal (innermost layer of 
bowel enhancing), homogeneous (all bowel wall 
enhancing equally), and layered (both mucosal and 
serosal bowel wall layers enhancing with a central band 
of relatively reduced enhancement). One study com- 
pared the pattern of wall enhancement with the CDAI 
(Best et al. 1976) and C-reactive protein and found 
that patients with clinically active CD had a pattern of 
enhancement where the mucosal layer first enhanced 
and the serosal layer followed, whereas clinically inac- 
tive patients tended to show homogeneous enhance- 
ment of the bowel wall (Del Vescovo et al. 2008). 

When multilayered appearance after intravenous 
contrast administration was compared with histo- 
logical findings, a correlation was found between 
inflammatory activity and multilayered enhancement 
(Fig.8.3). This stratified enhancement was often seen 
in segments with fibrostenosis (Punwani et al. 2009). 
It is not yet clear what entity gives rise to this layered 
pattern (mural fibrosis, submucosal edema, or both). 

8.4.1.5 
Ulcerations 

Ulcerations of the bowel wall are best seen on true- 
FISP images (Fig.8.2) (Prassopoulos et al. 2001). 
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Fig. 8.3. (a) Fifty-three-year- old female patient with Crohn's 
disease who previously underwent an ileocecal resection. 
Transverse HASTE image shows a thickened bowel wall loop 
of the neo-terminal ileum (arrow), (b) Transverse 3D Tlw 
interpolated volume imaging fat suppressed image shows 
three-layered enhancement (arrow) of the affected bowel loop 



Deep linear ulcers appear as thin lines of high signal 
intensity, longitudinally or transversely (fissure 
ulcers) orientated within the thickened bowel wall. 
True-FISP images are superior to HASTE in demon- 
strating linear ulcers. Ulcerations can develop into 
fistulas. For the detection of mural ulcerations, MR 
enterography has a sensitivity of 56% and a specific- 
ity of 96% when compared with conventional entero- 
clysis (Masselli et al. 2008). 

8.4.1.6 
Comb Sign 

The comb sign (Fig.8.4) indicates the presence of 
increased blood flow in the vasa recta of a bowel seg- 
ment with active CD. The vasa recta are aligned like 
the teeth of a comb, hence the name comb sign. This 
sign is best seen on true-FISP series, but can be pres- 




Fig. 8.4. Forty-year-old patient with suspected Crohn's disease. 
Coronal true-FISP image with fat saturation shows increased 
blood flow in the mesenteric vessels - comb sign (arrows) 

ent on Tl -weighted contrast-enhanced images. The 
comb sign is considered to indicate the presence of 
active disease. 



8.4.1.7 

Lymph Nodes 

Enlarged lymph nodes (>lcm) are often present in 
patients with CD. Mesenteric lymph nodes can best be 
seen on true-FISP series. Although some studies sug- 
gest that enhancing lymph nodes indicate active CD 
(Gourtsoyiannis et al. 2004), histological studies 
have not found a correlation (Punwani et al. 2009). 



8.4.1.8 

Fistula and Abscess 

Extra intestinal manifestations such as fistulas and 
abscesses can be assessed on MRI. Fistulas are best 
visualized on Tl -weighted postcontrast images, 
because of their inflammation and therefore high 
signal intensity after contrast agent administration 
(Fig.8.5). Abscesses can best be seen on Tl-weighted 
images after intravenous contrast administration as 
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Fig. 8.5. Twenty-three-year-old male patient with Crohn's 
disease. Coronal fat suppressed true-FISP image shows a 
stenosis in the terminal ileum (open arrow) with a fistulous 
tract (arrow) to an abscess (curved arrow) 

the center will be low signal intensity due to their 
fluid content and the wall shows enhancement 
(Fig.8.6). On T2-weighted sequences, both tracks and 
abscesses can have a relative thick fibrotic wall and 
will have central high signal intensity. The high sig- 
nal intensity is caused either by fluid or granulation 
tissue. These can be differentiated by intravenous 
contrast agent administration when considered clini- 
cally relevant. The sensitivity for detecting fistulas at 
MR enterography is 78% and the specificity 100% 
(Masselli et al. 2008). 



8.4.1.9 
Stenosis 

Stenosis of the bowel wall can be seen as luminal nar- 
rowing of more than 50% and can be assessed on all 
sequences. In the literature, there is no consensus 
about which gradation of luminal narrowing defines 
a stenosis; the authors define narrowing of 50% as a 
stenosis. Sometimes, a prestenotic dilatation of the 
proximal bowel is present, indicating (partial) 
obstruction (Fig. 8.7). Stenosis can be either due to 
inflammation or fibrosis. Because medical therapeu- 
tic options do exist if the stenosis is based on inflam- 



mation, it is important to differentiate between the 
two. Fibrotic stenoses do not enhance after intrave- 
nous contrast injection while active disease leads to 
enhancement (Figs. 8. 7 and 8.8). 

The accuracy for detecting stenosis of the termi- 
nal ileum in CD patients was assessed in a study by 
Negaard et al. (2007). The sensitivity of MR enterog- 
raphy was 86% vs. 100% for MR enteroclysis. The 
specificity was 93% vs. 100%. The higher diagnostic 
accuracy was not statistically significant (p = 0.13). 
This higher accuracy is due to the better luminal dis- 
tension in MR enteroclysis. In daily practice, detec- 
tion of stenoses at MR enterography does not pose 
difficulties. The thickened, nondistending bowel 
wall at a stenosis is readily appreciated while the 
obstructed flow of the enteral contrast medium gives 
rise to dilatation so the stenosis is easily visualized. 
Verification of the degree of obstruction on the dif- 
ferent sequences performed during the MR enterog- 
raphy procedure gives important information on the 
degree of obstruction. Alternatively, a dedicated 
dynamic thick slab T2-weighted TSE hydrography 
sequence can be performed to evaluate the degree of 
obstruction. 



8.4.1.10 
Creeping Fat 

Creeping fat or fibro fatty proliferation is the strand- 
ing and retracting of mesenteric fat around affected 
bowel segments. This separation of other bowel loops 
facilitates identification of these loops. This is often 
seen in patients with a past episode of active CD. 

8.4.1.11 

CD Disease Activity Assessment 

There is currently no gold standard for assessment of 
disease activity of CD. Usually, a combination of clin- 
ical findings, laboratory findings, ileo colonoscopy, 
and MRI is used. Several studies have shown that the 
aforementioned MR parameters can be used to assess 
CD disease activity (Florie et al. 2005; Koh et al. 
2001; Maccioni et al. 2000; Shoenut et al. 1994). 
The sensitivity of MR enterography is 91% on a per 
patient basis, the specificity is 71%. Per segment is 
the sensitivity 59% and the specificity 93% (Koh 
et al. 2001). The low sensitivity in this study of 23 
patients was due to missed superficial ulcerations, 
which are known to be difficult to detect on MR. 
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Fig. 8.6. (a) Forty-one-year-old patient with longstanding 
severe Crohn's disease who underwent four previous ileal 
bowel resections. Transverse true-FISP image with fat sat- 
uration shows an enterocutaneous fistula (arrow) and an 
intra-abdominal abscess (curved arrow), which contains 
air. (b) Transverse 3D Tlw interpolated volume imaging 
image with fat saturation after intravenous contrast shows 



the enterocutaneous fistula (arrow) and the intra-abdominal 
abscess with enhancing rim (curved arrow). The bowel loops 
are dilated and a gas-fluid interface is visible (open arrow), 
the patient has a small bowel paralytic ileus, (c) Coronal 
true-FISP image with fat suppression shows multiple fistu- 
lous tracts and fibrosis (arrows). Distended bowel loops are 
well demonstrated 



8.4.1.12 

CD Disease Severity Assessment 

Although there is no consensus based grading sys- 
tem on luminal CD, transmural inflammation (result- 
ing in the formation of abscesses and fistulas) is 
indicative of severe disease activity. Also, the length 
of the affected bowel segment plays a part in assess- 
ing disease activity. 

In a meta-analysis by Horsthuis et al. (2009a), the 
accuracy of grading CD disease activity was assessed. 
Seven studies (in total 140 patients) were included. 
Eighty-seven percent of patients with frank disease 
were correctly depicted by MRI, whereas it showed 
only 65% of patients with mild disease activity. 



8.4.1.13 

Place of MR Enterography in CD Patients 

For diagnosing CD, there is no consensus on the place 
of MR enterography. This as CD can be present 
throughout the gastrointestinal tract and especially 
small bowel. Distension of the complete small bowel 
is thus mandatory to detect also relatively rare CD in 
the (proximal) jejunum and duodenum. MR entero- 
clysis gives better proximal distension than MR 
enterography. However, proximal small bowel lesions 
can be demonstrated at MR enterography (Fig. 8.7) 
as well and MR enteroclysis has not proven to be 
more accurate in the detection of CD lesions 
(Torkzad and Lauenstein 2009). 
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Fig. 8.7. (a) Twenty-three-year-old male patient with 
Crohn's disease who previously underwent multiple bowel 
small bowel resections. Coronal fat suppressed true-FISP 
image shows a stenosis of the proximal jejunum (arrow) 
with an extensive prestenotic dilatation (open arrow). Note 
the distension of the stomach, (b) Coronal HASTE image 
shows low signal intensity of the stenosis reflecting fibrosis 
(arrow) 




Fig. 8.8. (a) An 80-year-old patient with Crohn's disease. 
Transverse fat-saturated true-FISP image shows a stenosis of 
the terminal ileum (arrow), (b) Transverse 3D Tlw interpo- 
lated volume imaging image with fat saturation after intra- 
venous contrast shows enhancement of the stenosis - most 
prominent at the mucosa - which indicates that the stenosis 
is caused by inflammation of the ileal wall (arrow) 



For initial assessment of CD activity, one could 
favor MR enteroclysis as this will give the most exten- 
sive evaluation. However, superiority over MR 
enterography has not been demonstrated. Thereby, 
subtle abnormalities (erythema, apthous ulcers) will 
go undetected at MR enteroclysis as well. For these 
reasons as well as reduced burden and logistical 
advantages, MR enterography is used as initial exam- 
ination in many institutions. A strategy with initial 
MR enterography and subsequent video capsule 
endoscopy is an alternative approach. MR enterogra- 
phy will demonstrate more extensive disease, includ- 
ing possible stenoses preventing video capsule 
endoscopy. Video capsule endoscopy is used for 
detecting subtle changes. 

At this moment, there is no established strategy 
for the initial examination in patients suspected for 



MR I of the Small Bowel: Enterography 1 29 



CD. The choice whether MR enterography or MR 
enteroclysis is used will depend on the aforemen- 
tioned considerations as well as other factors such as 
disease spectrum. 

For clinical follow-up of patients with CD, MR 
enterography is preferable over MR enteroclysis. The 
lack of the burden of naso-duodenal intubation, 
shorter examination time, and no (limited) ionizing 
radiation exposure are important advantages to the 
patient and radiologist. This will facilitate more fre- 
quent monitoring, which is important given the costs 
and side effect associated with medical treatment. 
MR enterography will show the findings demon- 
strated at an initial MR enterography or MR entero- 
clysis. Only in the case of subtle findings demonstrated 
at initial MR enteroclysis, which are not found in 
small bowel loops collapsed at MR enterography, one 
could consider to perform an additional MR entero- 
clysis or alternatively video capsule endoscopy. 

Readers are referred to Chap. 10 for more details on 
the present role of MR enterography in managing CD. 

8.4.2 

Celiac Disease 

Celiac disease is a gluten-sensitive enteropathy of the 
gastrointestinal tract that affects the small intestine 
in genetically susceptible individuals. The disease 
can occur at any age. The diagnosis of celiac disease 
can be challenging due to a wide range of clinical 
manifestations and the lack of specificity. Although 
the diagnosis is confirmed by small-intestine biopsy, 
patients who are referred for MR enterography with 
nonspecific gastro -intestinal complaints might have 
celiac disease as underlying pathology. 

Fold pattern abnormalities are most the most spe- 
cific sign of celiac disease seen on MRI (Paolantonio 
et al. 2007). These can best be assessed on true-FISP 
images. A decreased number of jejunal folds (less than 
threefolds per inch is considered to be decreased) or 
complete flattening of the folds can be seen in celiac 
disease. Also, the ileal folds can be increased (more 
than 5 per inch), this is called "ileal jejunization." 
Jejunoileal fold pattern reversal is present when both 
ileal jejunization and a decreased number of jejunal 
folds are present in the same patient. Less specific for 
celiac disease is the presence of ileal dilatation (more 
than 3 cm), intussusception (visible as the "double halo 
sign" of bowel-within-bowel), and enlarged lymph 
nodes (>1 cm) (Paolantonio et al.2007) (see Chap. 10, 
Fig. 10.13). 



Small bowel lymphomas of the T-cell type are asso- 
ciated with the concomitant presence of celiac disease 
(Chott et al. 1999) and are also called enteropathy- 
associated T-cell lymphomas. A small study retro- 
spectively analyzed the features of T-cell associated 
lymphomas in ten patients and found that enteropa- 
thy-associated T-cell lymphomas tended to be local- 
ized in a single bowel segment and tended to be long 
(>10cm) (Lohan et al. 2008) when compared with 
non-Hodgkin's lymphomas of the B-cell type (see 
malignant small bowel neoplasms). 

8.4.3 

Benign Small Bowel Neoplasms 

There are syndromes characterized by the occurrence 
of polyps in the gastrointestinal tract including the 
Peutz-Jeghers syndrome (PJS), juvenile polyposis, and 
neurofibromatosis. These syndromes can be subdivided 
depending on whether the polyps are hamartomas 
(PJS) or adenomas (familial adenomatous polyposis 
(FAP)). In patients with PJS, frequent monitoring is 
necessary because these polyps have a size-related 
increased risk of malignant degeneration (Spigelman 
et al. 1989). Lifetime risk for developing small intestinal 
cancer in PJS patients is 13% (Giardiello et al. 2000). 
Current guidelines recommend surgical or endoscopic 
polypectomy for polyps larger than 1 .5 cm ( Wirtzfeld 
et al. 2001; Dunlop 2002), although there are no studies 
performed that provide data on which cut-off point for 
polypectomy is best. 

There is only one study studying MR enterogra- 
phy in patients with PJS. Caspari et al. (2004) included 
four PJS patients and compared MR enterography 
with capsule endoscopy for the detection of small 
bowel polyps. With MRI, polyps larger than 15 mm 
were all detected, whereas smaller polyps were less 
well detected with MRI. MRI was not able to detect 
any polyps smaller than 5 mm (Fig. 8.9). 

When all polyps should be identified, MR enterog- 
raphy is not recommended for monitoring because of 
suboptimal proximal jejunum distension at MR 
enterography (see Chaps. 9 and 10). MR enteroclysis is 
then more suited. When the examination is performed 
at relatively short time intervals and primarily larger 
polyps are sought for, MR enterography could be used. 
Also, in patients in whom MR enteroclysis is not pos- 
sible, MR enterography is an alternative. However, one 
should be aware that smaller neoplasms may go unde- 
tected in reasonable distended loops and larger neo- 
plasms in collapsed loops. 
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Fig. 8.9. (a) Twenty-year-old male patient clinically suspected 
for Peutz-Jeghers syndrome. Coronal true-FISP image with 
fat suppression shows a large polyp (approximately 3/4 cm) in 
the distal jejunum (arrow). Note the good distension in this 
enterography exam, (b) Coronal 3D Tlw interpolated volume 
imaging image with fat suppression after intravenous contrast 
shows mild enhancement of the polyp (arrow) 



Patients with familial polyposis have adenoma- 
tous polyps, mostly located in the colon. Extra-colonic 
manifestations of FAP are located in the upper gas- 
trointestinal tract, often in the duodenum. Polyps 
can also occur in the proximal jejunum, but MRI 
failed to detect these in a series of four patients with 
small polyps (0-5 mm) (Caspari et al. 2004). The 
role of MR enterography for screening of FAP 
patients has yet to be studied in larger case series. 
For now, screening guidelines recommend upper 
endoscopy surveillance in these patients (Hirota 
et al. 2006). 

8.4.4 

Malignant Small Bowel Neoplasms 

Primary malignant masses of the small bowel are 
relatively uncommon. The most common primary 
neoplasm of the small bowel is carcinoid. These 
tumors are well- differentiated neuro-endocrine neo- 
plasms that occur mostly in the distal ileum and are 
almost always malignant. Literature about the MR 
appearance of carcinoid tumors is scarce. One study 
reports the MR features of carcinoid tumors in a 
series of 29 patients (Bader et al. 2001). The tumor 
had two types of presentations at MRI: it presented 
as a discrete mass that enhanced on postcontrast 
Tl -weighted images. The appearance on T2-weighted 
images varied from hyper- to isointense to muscle. 
The second presentation was as a uniform bowel wall 
thickening without the presence of a discrete mass. 
This wall thickening was isointense on Tl- and 
T2-weighted images and enhanced after intravenous 
contrast administration. 

Small bowel lymphomas are mostly of the non- 
Hodgkin type. They arise from B cells of mucosa- 
associated lymphoid tissue (B-cell lymphoma). The 
terminal ileum is the most affected site, as there is a 
relatively greater amount of lymphoid tissue present. 
Solitary lesions are most common, but in 10-20% of 
cases, multiple sites are involved. Most small bowel 
lymphomas are located within the bowel wall. 
Obstruction caused by lymphoma is uncommon 
because the infiltrating tumor weakens the muscu- 
laris propria. The formation of cavities is also seen in 
primary small bowel lymphomas. Initially, these 
patients have an intramural lymphoma that ulcer- 
ates, progresses, and perforates to the mesentery, 
where it forms a usually sterile abscess (Levine et al. 
1997). Lymphomas often show enhancement after 
intravenous contrast administration (Fig.8.10). 
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Fig. 8.10. (a) Forty-seven-year-old female patient with a 
non-Hodgkin lymphoma. Coronal fat suppressed true-FISP 
image shows a lymphoma, located in the ileal wall (arrow). 
No obstruction. Also seen is a large lymphoma in the mes- 
enteric fat (open arrow), (b) Transverse HASTE image shows 



the lymphoma in the bowel wall as a hypodense structure 
(arrow), (c) Transverse Tl-weighted image with fat suppres- 
sion shows transmural enhancement of the lymphoma after 
intravenous contrast injection 



8.4.5 

Miscellaneous 

Other small bowel diseases that show changes in 
bowel wall thickness and enhancement pattern are 
intestinal infections, ischemic disorders, radiation 
enteritis (Fig. 8. 11), and vasculitis (Laghi et al.2009). 
No studies have been performed that assess the accu- 
racy of MR enterography in these patients. Presently, 
most experience for assessment of these diseases 
with imaging is with multidetector CT. 

Scleroderma/progressive systemic sclerosis can 
also be seen on MR enterography in the form of dila- 
tations and pseudodiverticula due to neuropathy and 
myopathy of the small bowel. 

Endometriosis deposits of the small bowel can be 
seen on MR enterography. Endometriomas have high 
signal intensity on Tl-weighted images with fat satu- 
ration. Rare diseases may be encountered as well. 

Small bowel obstruction can be assessed with MR 
enterography, although in patients with an ileus, the 
administration of oral contrast might be omitted 




Fig. 8.11. Male patient with previous carcinoma of the pye- 
lum who underwent nefrectomy and radiation. Coronal 3D 
Tlw interpolated volume imaging image after intravenous 
contrast shows thickened bowel wall of the jejunum (arrows), 
most likely due to radiation enteritis 

(Fig. 8.7) (see Chap. 16 for more details on bowel 
obstruction). 

Familial Mediterranean fever is a rare autosomal 
recessive disease that is characterized by attacks of 
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Fig. 8.12. (a) Forty-three-year-old man with familial Mediter- 
ranean fever. Coronal fat suppressed true-FISP image shows 
thickened jejunal bowel loops (arrows), (b) Transverse 3D Tlw 
interpolated volume imaging image with fat suppression after 
intravenous contrast shows enhancing bowel loops, especially 
serosal enhancement (arrows). Also visible is a horse-shoe kidney 
and free intraperitoneal air (open arrow) after previous surgery 

fever and serosal inflammation. On MR enterogra- 
phy, bowel wall thickening of the jejunum and ileum 
is seen with serosal enhancement (Fig. 8.12). 



8.5 



Future Prospects of MR Enterography 

MR enterography has become an important diagnos- 
tic technique for small bowel diseases in many insti- 



tutions. Research now is focused on creating 
abdominal 3T protocols (see Chap. 2), studying per- 
fusion and diffusion and obtaining more insight into 
the role of MRI in determining disease activity in CD. 
New techniques are being developed to assess bowel 
wall enhancement in a more objective manner. With 
the creation of so-called Tl-maps, the absolute 
Tl -value can be calculated and therefore the absolute 
contrast enhancement (Horsthuis et al. 2009b). With 
these data, the enhancement can not only be objec- 
tively compared with other MR examinations, but 
also with other modalities that assess disease severity 
in CD. Recently, more research is being performed on 
dynamic contrast-enhanced MRI (DCE-MRI) in CD. 
Mural hemodynamic parameters derived from DCE- 
MRI were reported to be correlated with disease 
chronicity and microvessel density was inversely 
related to mural blood flow (Taylor et al. 2009). This 
has risen the hypothesis that stenosis-driven hypoxia 
contributes to angiogenesis in CD. Readers are 
referred to Chap. 10 for more details on the present 
role of MR enterography in managing small bowel 
diseases when compared with other techniques. 

In clinical practice, video capsule endoscopy is 
increasingly used. A recent study recommends video 
capsule endoscopy as an addition to MRI (Tillack et al. 
2008), but in the future more research will be performed 
to determine the exact place of these modalities. 

The strength and weaknesses of MR enterography 
in imaging of small bowel diseases when compared 
with MR enteroclysis and other diagnostic tech- 
niques should be determined to full extent. 
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KEY POINTS 



MR enteroclysis is an emerging technique for small 
bowel imaging combining the advantages of con- 
ventional enteroclysis with those of cross-sectional 
imaging. MR enteroclysis is equal to conventional 
enteroclysis in detecting, localizing, and estimating 
the length of involved small bowel segments. Early 
lesions such as thickening and distortion of the val- 
vulae conniventes and superficial-type ulcers are 
clearly demonstrated on conventional enteroclysis 
but they are not consistently depicted by MR 
enteroclysis, due to its inadequate spatial resolu- 
tion. The valvulae conniventes are shown in their 
best advantage and distortion of the mucosal folds 
are easily detected by MR enteroclysis. The charac- 
teristic discrete longitudinal or transverse ulcers of 
Crohn's disease can be demonstrated on MR entero- 
clysis, guaranteed by satisfactory distention and 
opacification of the bowel. Cobblestoning is caused 
by the combination of longitudinal and transverse 
ulceration, and is easily shown by MR enteroclysis. 
Bowel wall thickening is clearly shown by all MR 
enteroclysis sequences. Bowel wall thickness and 
the length of small bowel involvement can be mea- 
sured on MR enteroclysis images. Narrowing of the 
lumen and associated prestenotic dilation are eas- 
ily recognized on MR enteroclysis images by all 
sequences. Exoenteric manifestations of the disease 
are demonstrated in detail on true-FISP images due 
to the high contrast generated from the bright 
mesenteric fat. Disease activity can be best appreci- 
ated on postgadolinium fat-saturated 2D/3D Tl- 
weighted sequence by the characteristic enhance- 
ment patterns of thickened small bowel wall and 
degree of enhancement of mesenteric lymph nodes 
compared to adjacent vessel enhancement. 
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9.1 



Introduction 

Advances in MRI hardware and software have allowed 
rapid acquisition of high-resolution images of the 
gastrointestinal (GI) tract, upgrading the diagnostic 
role of MRI for the imaging evaluation of patients 
with intestinal diseases (Gourtsoyiannis et al. 2000, 
2001; Umschaden et al. 2000; Prassopoulos et al. 
2001). Imaging of the entire small bowel may be chal- 
lenging and important in view of problematic access 
of endoscopic methods. Optimal luminal distention is 
of paramount importance for accurate diagnosis and 
currently the only technique that can fulfill this 
requirement is enteroclysis. The combination of ultra- 
fast MRI sequences and duodenal intubation is known 
as MR enteroclysis (Gourtsoyiannis et al. 2000; 
Umschaden et al. 2000). Morphologic evaluation of 
small intestinal diseases, as well as functional infor- 
mation, can be obtained with state-of-the-art MR 
enteroclysis examinations. The most important advan- 
tages of MR enteroclysis include: (a) absence of radia- 
tion exposure, (b) rich soft tissue contrast through the 
utilization of multiple contrast mechanisms, and (c) 
three-dimensional imaging capabilities. The technical 
aspects, clinical applications, and limitations of MR 
enteroclysis are summarized in this chapter. 



9.2 



MR Enteroclysis Technique 
9.2.1 

Duodenal Intubation 

Duodenal intubation ensures adequate small bowel 
distention, which is considered a prerequisite for iden- 
tification of intestinal abnormalities (Gourtsoyiannis 
et al. 2000; Umschaden et al. 2000). In our institution 
we currently use the 13 French Maglinte enteroclysis 
catheter (MEC, Cook, Bloomington, IN). Positioning 
of the nasojejunal catheter is monitored fluoroscopi- 
cally. The range of intubation time is 2.5-3.5 min, 
while radiation dose is kept to a minimum by good 
collimation, low fluoroscopy current and by using 
short periods of intermittent fluoroscopy. Although 
in the beginning MR enteroclysis was performed in 
association with conventional enteroclysis (CE) 
(Papanikolaou et al. 2002b), nowadays the stand- 
alone MR enteroclysis examination is the mainstream 



approach (Gourtsoyiannis et al. 2006; Masselli 
et al. 2009). When MR enteroclysis follows CE, certain 
adjustments in the selection of the appropriate con- 
trast agent, the amount and route of its administra- 
tion are important for both examinations to be 
successful. The patient's tolerance to intubation is 
related to the examiner's experience and can be con- 
sidered a drawback of MR enteroclysis. Conscious 
sedation is advocated in USA (Kohli and Maglinte 
2009) to overcome the patient's discomfort during 
duodenal intubation for performance of CT entero- 
clysis. Local anesthesia of the pharynx and spending 
time explaining the procedure in detail to the patient 
have been proven in our everyday practice equally 
useful measures to minimize discomfort. Oral con- 
trast administration without intubation is performed 
to reduce the patient's discomfort (Lomas and 
Graves 1999) (see Chap. 8). However, small bowel 
distention is usually not sufficient, primarily at the 
proximal small bowel. A collapsed or not adequately 
distended small bowel loop may mask minimal 
abnormalities or may result in false-positive findings. 
Without fail, a detailed evaluation of the small intes- 
tine requires luminal distention that can be guaran- 
teed by intubation. 

9.2.2 

Intraluminal Contrast Agents 

Intraluminal contrast agents are essential for both 
lumen opacification and distention. A suitable con- 
trast agent should provide homogeneous opacifica- 
tion throughout the entire small bowel lumen, clear 
differentiation between the lumen and the bowel wall, 
and be characterized by minimal mucosal absorp- 
tion, absence of artifacts formation, no severe adverse 
effects, and low cost (see also Chap. 3). Various media 
have been proposed (Table 9.1) as optimal intraluminal 
contrast agents for small intestinal imaging that can 
fulfill the previous criteria, but there is no consensus 



Table 9.1. The most important intraluminal contrast agents 
classified according the endoluminal signal intensity changes 
they induce 



Positive 


Negative 


Biphasic 


Gadolinium chelates 


SPIO 


Methylcellulose 


Ferrous ammonium citrates 


OMP 


Mannitol 


Manganese chloride 


BaSCX 

4 


PEG 
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Table 9.2. Scan 
parameters of differ- 
ent sequences utilized 
in MR enteroclysis 
protocol 





SSTSE 


HASTE 


3D FLASH 


True-FISP 


Scan time (s) 


3 


1 /slice 


23 


1.5/slice 


Slice thickness (mm) 


70-100 


4-6 


2.5 


4 


Number of slices 


1 


18 


40 


12 


TR(ms)/TE(ms)/a° 


Inf/1200/180 


Inf/90/180 


4.8/1.8/45 


6/3/70 



Matrix 240 x 256 256 x 256 256 x 512 512 x 512 



on the ideal one, at present. Positive contrast agents 
render the intestinal lumen with high signal intensity. 
Negative intraluminal contrast agents result in low 
intraluminal signal intensity, while biphasic agents are 
affecting signal intensity depending on the pulse 
sequence used, usually low on Tl- and high on 
T2 -weighted images. These agents are considered more 
suitable for small bowel imaging, to our experience. 
Polyethylene glycol water solution with electrolytes is 
an iso-osmotic, biphasic contrast agent with excellent 
performance in MR enteroclysis (Gourtsoyiannis 
etal. 2000, 2001). 

A controlled infusion is important for a successful 
MR enteroclysis. Initially a flow rate of 80-120 mL/ 
min is utilized until the contrast reaches the terminal 
ileum. Subsequently, the flow rate increases up to 
200mL/min to achieve reflex atony that facilitates 
acquisition of images with minimal motion artifacts. 
A home-made pump consisting of plastic pneumo- 
colon adapted with plastic tubes can be used to avoid 
problems with the magnetic field interferences. 
Alternatively a dedicated enteroclysis pump can be 
used positioned outside the MRI room. 

9.2.3 

Patient's Position 

Patients can be examined either in prone or supine 
position. The former is suggested because it exerts mild 
pressure to the anterior abdominal wall facilitating 
separation of the small bowel loops, while it decreases 
the volume of peritoneal cavity to be imaged. As supine 
position is more comfortable, MR enteroclysis can be 
performed this way in older and frail patients. 

9.2.4 

Pulse Sequences 

A comprehensive MR enteroclysis examination pro- 
tocol should include both Tl- and T2-weighted 



images as for example spoiled gradient echo (i.e., 
FLASH) and single shot turbo spin echo (SSTSE; i.e., 
HASTE) sequences, respectively (Table 9.2). Incor- 
porating different MR sequences is the most effective 
way to demonstrate anatomy, identify and character- 
ize abnormalities, and disclose associated extraintes- 
tinal manifestations. Sequences should be fast enough 
to permit comfortable breath-holding; high-perfor- 
mance gradient systems are important for this pur- 
pose. Image quality, irrespectively of pulse sequences 
applied, can significantly be improved when using 
abdominal phased array RF coils by increasing the 
signal-to-noise ratio. 

Acquisition of SSTSE images (slab thickness 
7-10 cm, TR: infinite, TE: 1 ,200 ms, scan time: 3 s) pre- 
cedes the main examination to monitor the infusion 
process. Projectional SSTSE images of the small 
bowel have been applied for demonstrating small 
bowel obstruction (Umschaden et al. 2000). Faster 
versions of SSTSE sequence (Makki et al. 2002) may 
be used for MR fluoroscopy thus providing informa- 
tion about small bowel motility (see also Chap. 14). 

True-FISP sequence (TR: 6 ms, TE: 3 ms, flip angle: 
70°, slice thickness: 4 mm, scan matrix 256 or 512 and 
scan time 1.5 s per slice) is a cardinal sequence for 
MR enteroclysis. It provides motion-free, high-reso- 
lution, "T2 -like" images of the small intestine, and the 
mesenteries in a few seconds. The normal bowel wall 
and valvulae conniventes exhibit moderate signal 
intensity on true-FISP images, while the intraluminal 
fluid and the extraluminal fat show high signal inten- 
sity favoring the delineation of the bowel wall (Fig. 
9.1). Demonstration of the mesenteries is excellent 
using true-FISP sequence. The high signal intensity 
of the mesenteric fat provides the ideal background 
for the depiction of small anatomic structures; small 
lymph nodes and thin mesenteric vessels including 
the vasa recta are clearly seen with low signal inten- 
sity, especially when a 512 matrix is utilized. The 
sequence is prone to specific type of artifacts; suscep- 
tibility artifacts from trapped air and black boundary 
artifacts along to the external small bowel wall sur- 
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face due to chemical shift phenomena may be seen 
(Fig. 9.2a). However, black boundary artifacts can be 
clearly differentiated from abnormal bowel wall 
thickening. The capability to add fat saturation pre- 
pulses in the true-FISP sequence may also be used to 
overcome black boundary artifacts (Fig. 9.2b). The 
acquisition of multiple images over time at the same 




Fig. 9.1. High-quality images of the small intestine can be 
acquired by combining the true-FISP sequence with PEG as 
an intraluminal contrast agent 



slice in a dynamic manner permits the evaluation of 
local and global small bowel motility patterns. This 
sequence is termed cine-true-FISP and it has shown 
to be of help in the differentiation between "soft", 
inflammatory type of stenosis and fibrostenotic stric- 
tures in patients with Crohn's disease. 

The most commonly used sequence in small bowel 
protocols is the HASTE sequence (Prassopoulos 
et al. 2001; Lee et al. 1998). It can provide heavily 
T2-weighted images with high contrast resolution in 
less than 1 s per slice (Fig. 9.3). Imaging parameters 
may include TE of 90 ms, infinite TR, 4-6 mm slice 
thickness, 256 x 256-512 scan matrix and scanning 
time appropriate for breath-hold acquisition of 
images. HASTE images does not suffer from suscepti- 
bility or chemical shift artifacts but are prone to high- 
order motion usually manifested as intraluminal flow 
voids (Fig. 9.4a) or blurring of small bowel wall edges 
(Papanikolaou et al. 2002a). To overcome this limi- 
tation administration of antiperistaltic drugs - as for 
example 1 mg of glucagon - should precede acquisi- 
tion of HASTE images. The normal bowel wall is 
clearly seen on HASTE images with low signal inten- 
sity (Fig. 9.3), as opposed to the high signal intensity 
of the thickened bowel wall that may be observed in 
patients with active Crohn's disease. This sequence is 
not appropriate for imaging evaluation of the mesen- 
teries. K-space filtering effects may obscure small 
anatomic structures and result in decreased defini- 
tion of larger vessels or lymph nodes (Fig. 9.5a). 



Fig. 9.2. Coronal true- 
FISP images in a patient 
with Crohn's disease 
without (a) and with fat- 
saturation prepulses (b). 
In the native true-FISP 
image the presence of 
black boundary artifact 
is evident in voxels were 
both fat and water protons 
are coexisting (arrows). 
By adding fat-saturation 
prepulses (b), the black 
boundary artifacts may 
be eliminated, permitting 
accurate wall thickness 
analysis 
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Fig. 9.3. Coronal HASTE image demonstrating T2 contrast 
and clear depiction of the intestinal wall. Notice the loss of 
information from the mesenteries due to selective spatial 
blurring effects 



High spatial resolution Tl -weighted images of the 
small bowel can be obtained applying 3D or 2D 
spoiled gradient echo sequence (Gourtsoyiannis 
et al. 2001; Gourtsoyiannis and Papanikolaou 
2008). Fat- saturation prepulses facilitate the demon- 
stration of the bowel wall in combination with a neg- 
ative intraluminal contrast agent. Thin sections and 
small pixel size allows for increased definition of the 
bowel wall. Intravenous administration of gadolin- 
ium increases the conspicuity of the normal bowel 
wall and may permit lesion characterization by eval- 
uating different enhancement patterns. A 3D FLASH 
sequence with fat saturation may applied with 4.8 ms 
TR, 1.8 ms TE, 45° flip angle, 2.5 mm slice thickness, 
256 x 512 scan matrix and 23 s scan time. Normal 
bowel wall on contrast-enhanced FLASH images with 
fat saturation exhibits high signal intensity due to 
gadolinium uptake and is perfectly delineated 
between the low signal intensity of the mesenteric fat 
and the negative intraluminal contrast agent (Fig. 
9.6). A scanning delay of 60-80 s post-IV contrast 
results in maximal contrast between the intestinal 



Fig. 9.4. MR enteroclysis: 
coronal HASTE (a) and 
true-FISP (b) images. 
HASTE is suffering from 
high- order motion due to 
peristaltic waves presented 
as signal voids (arrows), 
while true-FISP sequences 
are rather insensitive to 
such artifacts due to flow 
compensation capabilities 
in all three axes 




Fig. 9.5. Coronal HASTE 
(a) and true-FISP (b) 
images in a patient with 
Crohn's disease. Mesen- 
teric lymph nodes (arrow) 
and vessels are poorly 
depicted with the HASTE 
sequence due to K-space 
filtering effects 




1 40 N. Papanikolaou and S. Gourtsoyianni 



wall and the lumen (Fig. 9.7). 3D FLASH sequence is 
sensitive to motion; consequently, antiperistaltic 
drugs administration should precede the application 
of the sequence (Fig. 9.8). 

Incorporation of different MR sequences - such 
as SSTSE, true-FISP, HASTE and gadolinium- 
enhanced FLASH - into a comprehensive MR entero- 
clysis imaging protocol is important to obtain all the 




K V 1. 



Fig. 9.6. Normal appearance of the small bowel in post- 
gadolinium coronal FLASH images with fat-saturation pre- 
pulses. The combination of parallel imaging algorithms and 
state of the art matrix coils permits the acquisition of 1,024 
matrices with sufficient signal-to-noise ratio 



information the method can provide, in a balanced 
fashion, where disadvantages of one sequence are 
overcome by the advantages of the other (Table 9.3). 
For example, susceptibility artifacts on true-FISP 
images may prevent demonstration of a small por- 
tion of small bowel wall that can be evaluated on 
HASTE or FLASH images, while motion artifacts 
downgrading image quality on FLASH images do not 
interfere with true-FISP images. Information from 
images obtained using different contrast mecha- 
nisms increases the confidence in lesion detection 
and characterization, and provides a completed ana- 
tomic demonstration of the intestinal lumen small 
bowel wall and the mesenteries. 



Normal Appearences 

The use of a biphasic intraluminal contrast agent 
such as PEG results in high signal intensity of the 
lumen on true-FISP images and low signal intensity 
on post-gadolinium FLASH images (Figs. 9.1 and 
9.6). A very powerful contrast mechanism that MR is 
offering is the T2 contrast that is based on differ- 
ences between the T2 relaxation times of tissues. In 
T2-weighted images, such as HASTE, normal intesti- 
nal wall exhibits moderate signal intensity. Normal 
bowel wall is uniformly thin not exceeding 3 mm in 
thickness. Normal intestinal folds are visualized as 
dark linear structures. HASTE provides high contrast 
between bowel wall and intraluminal fluid. One 
should be aware that some ultrafast pulse sequences 
that are routinely utilized for small bowel imaging, 




Fig. 9.7. Coronal post-gadolinium FLASH images on differ- between the intestinal wall and surrounding tissues is 
ent patients acquired at three time points after gadolinium achieved at 75 s 
injection at 25 s (a), 75 s (b) and 180 s (c). Optimal contrast 
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Fig. 9.8. Coronal post- 
gadolinium FLASH 
sequence before (a) and 
after intravenous admin- 
istration of glucagon (b). 
Peristaltic motion present 
in (a) is resulting in sig- 
nificant blurring 





Table 9.3. Comprehensive MR enteroclysis examination protocol 





True-FISP 


FLASH 


HASTE 


Wall depiction 








Lumen opacification 








Lesion detection, localization 








Lesion characterization 








Detection of mesenteric 
lesions 








Characterization of 
mesenteric lesions 








Respiratory artifacts 




• 




Black boundary artifacts 


• 






Susceptibility artifacts 


• 






Intraluminal flow voids 






• 


K-space filtering 






• 



Strengths {/) and weaknesses (•) of each individual sequence 

such as true-FISP sequence, deviate in terms of con- 
trast due to Tl interferences. True-FISP is capable of 
demonstrating normal anatomy and morphology 
equally well to HASTE; however, the mixed contrast 
may decrease its potential in tissue characterization. 
In addition the superb contrast between the bright 
mesenteric fat and the dark mesenteric vessels or 
lymph nodes, make it exceptional for the demonstra- 
tion of extraintestinal anatomy. 

In case of postgadolinium FLASH images, nor- 
mal intestinal wall exhibits moderate homoge- 
neous enhancement while abnormal wall might be 



expressed by three different enhancement pat- 
terns as will be discussed in detail in the next para- 
graph. Postgadolinium FLASH sequences allow also 
improved lesion characterization in case of small 
bowel neoplasms. 



Interpretation of Imaging Findings 
9.4.1 

Crohn's Disease 

Crohn's disease is a preferential field for the applica- 
tion of MR enteroclysis. Different pulse sequences 
may offer different kind of information that can be 
intergraded to provide an overall view of mucosal, 
mural, and extramural abnormalities associated with 
the disease and complementary information about 
disease activity and complications. These MR entero- 
clysis features of Crohn's disease are to a large extent 
identical to the features of MR enterography. 

In a recent study (Gourtsoyiannis et al. 2006), a 
comparison between MR enteroclysis and CE was per- 
formed on a sign-by-sign basis in patients with Crohn's 
disease. A total number of 49 involved segments were 
disclosed by MR enteroclysis, all of which were con- 
firmed by CE. There was full agreement between MR 
enteroclysis and CE in determining the length and the 
site of involvement of the diseased segments. 

Early lesions of Crohn's disease, such as thicken- 
ing and distortion of the valvulae conniventes and 
superficial types of ulcers that are clearly demon- 
strated on CE are not consistently depicted by MR 
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Fig. 9.9. Coronal true-FISP with fat saturation after gadolin- 
ium administration. Normal mucosal layer is demonstrated 
as a black thin line due to T2 shortening effects from in- 
creased local concentration of gadolinium (black arrows). 
Discrete ulceration can be discriminated from fold thick- 
ening in the basis of preservation of continuity of mucosa. 
In the area of the discrete ulcer (white arrow) the mucosal 
layer is disrupted 



enteroclysis (Gourtsoyiannis et al. 2006). This 
results in an overall sensitivity of less than 50% for 
MR enteroclysis detecting superficial ulcerations, 
most probably due to inadequate spatial resolution. 
Direct imaging techniques such as video capsule 
endoscopy ( VCE) are obviously performing better in 
detecting such early mucosal abnormalities. It is 
speculated that dedicated ultrafast, high-resolution 
sequences and stronger gradients will further 
improve the detection of such early, but not specific, 
manifestations of the disease in the near future. 

The characteristic discrete, longitudinal, or trans- 
verse ulcers of Crohn's disease can be demonstrated 
on MR enteroclysis, following optimal distention and 
homogeneous opacification of the bowel lumen 
(Fig. 9.9). A sensitivity of about 90% in detecting deep 
ulcers was achieved in a recent study of 52 patients 
with suspected or established Crohn's disease, and 
this is probably related to the optimized technique 
that was utilized (Gourtsoyiannis et al. 2006). 

Cobblestoning, a combination of longitudinal and 
transverse ulceration, can be easily demonstrated by 
MR enteroclysis. As in the case of discrete ulcers, a 
tailored MR enteroclysis examination can guarantee 
a high sensitivity and specificity of 92.3% and 94.4%, 
respectively, for the demonstration of cobblestoning 
(Gourtsoyiannis et al. 2006). A true-FISP sequence 




Fig. 9.10. Linear ulcer (black arrows) is demonstrated on a 
patient with active inflammatory subtype of Crohn's disease, 
on a coronal true-FISP image 

is known to be superior to HASTE in demonstrating 
linear ulcers (Fig. 9.10), cobblestoning, and intramu- 
ral tracts, due to its superb resolution capabilities 
and its relative insensitivity to motion artifacts, while 
3D FLASH sequences are less efficient in depicting 
such lesions when they are smaller than 3 mm 
(Prassopoulos et al. 2001). Bowel wall thickening can 
be clearly detected by all MR enteroclysis sequences. 
Mural thickening presenting with moderate signal 
intensity on true-FISP images can be easily differen- 
tiated from misregistration due to the black bound- 
ary artifacts (Gourtsoyiannis and Papanikolaou 
2008). Bowel wall thickness and the length of small 
bowel involvement can be measured accurately on 
MR enteroclysis images. Narrowing of the lumen and 
associated prestenotic dilation (Fig. 9.11), as well as 
skip or multiple lesions (Fig. 9.12), are routinely rec- 
ognized on MR enteroclysis images in all sequences. 
The addition of cine true-FISP sequences that can be 
used to demonstrate local motility patterns might 
reduce any potential false-positive results in stenotic 
lesions due to bowel spasm. 

One of the most significant advantages that MR 
enteroclysis is offering over endoscopic techniques is 
its capability to demonstrate in the same imaging ses- 
sion exoenteric manifestations of the disease. This can 
be done in the best of its advantage on true-FISP images 
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Fig. 9.11. Axial true-FISP image in a patient with fibros- 
tenotic subtype of Crohn's disease. A fibrostenotic lesion is 
causing significant luminal narrowing (arrows) and prest- 
enotic dilation (asterisk). The mural signal intensity is mod- 
erate reflecting the presence of fibrosis 



due to the high contrast generated from the bright 
mesenteric fat. Complications such as fistulae, phleg- 
mons (Fig. 9.13) or abscesses may be more accurately 
diagnosed on Tl -weighted FLASH images with fat sat- 
uration by the characteristic pattern of enhancement 
after gadolinium administration (Gourtsoyiannis 
et al. 2006). The latter sequence is additionally useful 
in active disease because of the marked contrast 
uptake in the thickened small bowel wall (Lohan 
et al. 2007; Makki et al. 2002) and mesenteric lymph 
node enhancement (Fig. 9.14) (Lee et al. 1998). MR 
enteroclysis imaging signs that are related to active 
disease have been proposed (Gourtsoyiannis et al. 
2004,2009; Koh et al. 2001; Florie et al. 2006), and this 
may represent one of the most important indications 
for the examination in the near future, however there 
are no universal agreed criteria for such assessment of 





Fig. 9.12. Skip lesions 
are identified (arrows) 
both on coronal (a) 
true-FISP and (b) post- 
gadolinium FLASH with 
fat-saturation images in a 
patient with longstanding 
Crohn's disease 



Fig. 9.13. Patient with 
active inflammatory 
Crohn's disease subtype. 
The presence of phlegmon 
mass is disclosed both in 
coronal postgadolinium 
FLASH image (a) and in 
coronal true-FISP with 
fat saturation (b). Note 
the increased gadolinium 
uptake in the periphery of 
the mass due to hyperemic 
conditions (arrows) 
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Fig. 9.14. The presence of intramural fat might simulate the 
appearance of submucosal edema. In HASTE images (a) both 
intramural fat and edema are exhibiting high signal intensity 
(arrow), while on post-gadolinium FLASH images (b) with 
fat saturation fat and edema presents with low signal inten- 



sity (arrows). True-FISP without or with fat saturation might 
help to discriminate between fat and edema, since fat is gen- 
erating the typical black boundary artifact (arrow on c), or 
it presents with low signal on fat-saturated true-FISP images 
(d), contrary to edema which on the latter images is bright 



disease activity as the protocols of MR enteroclysis 
or enterography are widely different. According to 
one study (Gourtsoyiannis et al. 2004), there are 
criteria, among all possible imaging findings that 
one encounters on MR enteroclysis in patients with 
Crohn's disease and in correlation with Crohn's dis- 
ease activity index (CDAI) that provide a reference 
to discriminate active from non active disease. These 
are: (a) more than one transmural ulcer, (b) wall 
thickness >7mm, and (c) enhancing mesenteric 
lymph nodes with a signal intensity enhancement 
ratio (signal intensity of lymph node/ signal inten- 
sity of adjacent vessel) >0.7. 

Intramural fat can be accurately identified when 
combining features from true-FISP and gadolinium- 
enhanced 3D FLASH images with fat saturation. 
Discrimination between the deposition of fat and the 
presence of edema (Fig. 9.15) may be helpful for the 
disease classification. Collagen is known to result in 



late gadolinium enhancement (Semelka et al. 2001). 
In this context, MR has the potential to differentiate 
fibrostenotic from edematous lesions on the basis of 
different gadolinium enhancement patterns. 

By assessment of Crohn's disease via MR entero- 
clysis, certain diagnostic tasks can be accomplished 
including the demonstration of extent of mural and 
extramural disease, the calculation of disease activ- 
ity, and the identification of clinical subtypes, a criti- 
cal point for further patient management. Maglinte 
et al. (2003) introduced an imaging-based classifica- 
tion of Crohn's disease subtypes constituting of 
active inflammatory (Al), fibrostenotic (FS), and fis- 
tulizing-perforating (FP) subtype. In a recent study 
(Gourtsoyianni et al. 2009), mesenteric lymph 
nodes of patients with Al disease presented with the 
highest enhancement ratio when compared to mes- 
enteric lymph nodes of patients with FP disease, who 
presented with moderate enhancement ratio and 
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those in patients with FS who presented with the 
lowest enhancement ratio. The difference in mean 
values of enhancement ratio between mesenteric 
lymph nodes of AI and FS subtypes was statistically 
significant. Thus, according to this study degree of 
homogeneous uptake is not the same for all different 
disease subtypes, and therefore quantification of 
enhancement ratio was proven useful in clinical 
practice for disease subtype classification. 

MR enteroclysis also allows the assessment of 
Crohn's disease recurrence after ileocolic resection. 




Fig. 9.15. Patient with active inflammatory subtype of 
Crohn's disease. Multiple, enhancing mesenteric lymph 
nodes (arrows) are easily depicted in a coronal post-gado- 
linium FLASH image 



Sailer et al. (2008) developed a reproducible MR score 
which showed high agreement with the endoscopic 
Rutgeerts score, and according to it medical therapy 
or surgical intervention can be indicated. 

MR enteroclysis is an emerging technique for the 
assessment of small bowel pathology and its clinical 
applications is so far limited to centers of reference. 
The method is complementary to CE in detecting 
superficial or early Crohn's disease, but it is of equal 
diagnostic accuracy in disclosing transmural disease. 
In addition, MR enteroclysis can adequately depict 
mesenteric involvement and extraintestinal compli- 
cations of Crohn's disease which is an important 
advantage over CE. Specific MR enteroclysis imaging 
features may be used to assess disease activity. 
Furthermore, accurate individual lesion detection, 
provided by MR enteroclysis, may successfully 
address clinical questions related to the classification 
of Crohn's disease subtypes. 



9.4.2 

Small Bowel Neoplasms 

MR enteroclysis may combine the effectiveness of 
cross-sectional MRI (Semelka et al. 1996) with the 
advantages of CE in the detection and characteriza- 
tion of small bowel neoplasms. Small bowel tumors 
usually exhibit moderate signal intensity on true-FISP 
images (Fig. 9.16a) as opposed to the high signal 
intensity of the distended lumen and the mesenteric 
fat. Post-gadolinium 3D FLASH sequence with fat 





Fig. 9.1 6. Coronal true-FISP (a) and post-gadolinium FLASH uptake. The presence of the mass was confirmed on conventional 
(b) images are showing a well-defined mass (arrows) with enteroclysis (c), and proved to be a benign stromal tumor 
moderate signal intensity on true-FISP and increased contrast (with permission from Gourtsoyiannis et al. 2001) 
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saturation maybe the most important one (Fig. 9.16b) 
for the identification and characterization of small 
bowel tumors. The degree of prestenotic dilation, the 
peritoneal extension of the neoplasm and the associ- 
ated lymphadenopathy can be appreciated by all MR 
enteroclysis sequences. The role of MR enteroclysis in 
small bowel tumors has not fully established, at pres- 
ent, due to the limited experience on that issue. 
However the technique is very promising and may be 
considered as the effective approach for imaging of 
small bowel neoplasms. Due to the excellent disten- 
tion and the possibility for repeated imaging with dif- 
ferent sequences provided by MR enteroclysis it 
possible to differentiate with greater certainty 
between collapsed bowel loops and potential masses. 
In a more recent study (Masseli et al. 2009), the accu- 
racy of MR enteroclysis for identification of small 
bowel neoplasms in symptomatic patients with a size 
ranging from 8 mm to 7 cm was found to be 97% when 
compared to histopathological examination. Another 
study (Schmid-Tannwald et al. 2009) concentrated 
in the ability of MR enteroclysis to identify and local- 
ize only primary carcinoid tumors of the small bowel 
which was found to reach 93% when using contrast 
enhanced Tl -weighted fat-saturated GRE sequences 
as compared to surgical findings. Primary carcinoid 
tumors appeared as nodular intraluminal masses in 
40% of the cases, as focal wall thickening in 33% and 
in 20% as both (Schmid-Tannwald et al. 2009). 

9.4.3 

Intestinal Obstruction 

MR enteroclysis is very effective in determining the 
presence and the level (Fig. 9.17) of low-grade small 



bowel obstruction (Lienemann et al. 2000). Initial 
evaluation of a patient with suspected small bowel 
obstruction with dynamic SSTSE images is useful for 
the prompt disclosure of this condition, meanwhile 
providing information about small bowel motility. In 
addition, MR enteroclysis may reveal the cause of 
obstruction. Sequential true-FISP images in a func- 
tional cine MRI mode proved highly accurate in 
small bowel obstruction due to post-surgical adhe- 
sions (Lienemann et al. 2000), while post-gadolinium 
3D FLASH images may demonstrate other than adhe- 
sions causes of obstruction. In patients with obvious 
signs of high-grade obstruction, an MRI examina- 
tion without enteral contrast administration can be 
considered. 



9.4.4 

Malabsorption Disorders 

Malabsorption states, and especially celiac disease, are 
another indication for MR imaging of the small bowel 
(Laghi et al. 2003). The role of diagnostic imaging in 
celiac disease is usually limited, since the final diagno- 
sis is obtained by jejunal biopsy. Decreased number of 
jejunal folds, reversed jejunal folds, i.e., decreased 
number of jejunal folds and increased folds in ileum is 
indicative of celiac sprue due to total villous atrophy, a 
finding that can be better appreciated by MR entero- 
clysis than by MR enterography due to excellent dis- 
tention of the jejunum. MR enteroclysis might be a 
useful tool both for diagnosis and follow-up, since it 
can provide, noninvasively, morphologic information 
such as bowel dilation, ileal jejunization, jejuno-ileal 
reversal pattern and, at the same time, extraintestinal 
findings, such as mesenteric vascular congestion, 



Fig. 9.17. Patient with 
colonic carcinoma that has 
invaded a jejunal small 
bowel loop, (a) Coronal 
projection single shot TSE 
image demonstrating dila- 
tion of jejunal loops and 
absence of opacification of 
distal small bowel loops, 
(b) Axial true-FISP image 
disclosing a large mass (T), 
invading the small bowel, 
responsible for bowel 
obstruction 
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lymphadenopathy, hyposplenism or the presence of 
intussusception (Laghi et al. 2003). One should aware 
of lymphomas in patients with celiac disease. 



9.5 



Limitations and Disadvantages 
of MR Enteroclysis 

MR enteroclysis has not been adequately compared to 
other techniques for small bowel imaging. Duodenal 
intubation and inherent very limited radiation expo- 
sure are considered drawbacks of MR enteroclysis as 
compared to MR enterography. Optimal and homoge- 
neous distention throughout the entire small bowel 
however allow for easier depiction of individual 
lesions, like discrete ulcerations, avoid misregistration 
of collapsed or undistended bowel segments, increases 
confidence in diagnosis for the average practitioner 
and guarantees better comparison and measurements 
in follow-up studies after treatment due to consistent 
optimal image quality. Adequate distention is impor- 
tant to verify the presence of edema in a diseased 
bowel segment, and therefore aid in patients manage- 
ment in differentiating inflammatory from fibrotic 
disease. A disadvantage of MR enteroclysis is the lim- 
ited spatial resolution as compared to CE and multi- 
detector CT. Temporal resolution, even with functional 
cine MR mode or dynamic SSTSE, is inferior to the 
real-time imaging provided by CE and ultrasound. 
The cost-effectiveness of the method has not been 
evaluated, yet. A technically successful MR enterocly- 
sis examination and correct interpretation of its find- 
ings requires familiarity with the technique. 



9.6 



Conclusions 

MR enteroclysis appears very promising for the evalu- 
ation of small bowel anatomy, motility, and pathology. 
Accumulated experience during the past decade shows 
that MR enteroclysis is well performing in Crohn's dis- 
ease, tumorous lesions, and small bowel obstruction. 
MR enteroclysis is a highly specific examination for 
demonstration of the transmural nature and extent of 
inflammation. It can depict lesions beyond severe 
luminal stenosis, can characterize further stenotic 
lesions (edema vs. fibrosis differentiation), and can 
identify intraperitoneal extension or extraintestinal 
manifestations. Various imaging features have been 



shown to correlate with disease activity, while MR 
enteroclysis may permit accurate classification in 
different disease subtypes, affecting directly patient 
management. 



List of Abbreviations 



AI 


Active inflammatory 


CDAI 


Crohn's disease activity index 


CE 


Conventional enteroclysis 


FISP 


Fast imaging with steady precession 


FLASH 


Fast low angle shot 


FP 


Fistulizing-perforating 


FS 


Fibrostenotic 


HASTE 


Half Fourier single shot turbo spin echo 


GRE 


Gradient echo 


PEG 


Polyethylene glycol 


SSTSE 


Single shot turbo spin echo 


TR 


Repetition time 


TE 


Echo time 
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KEY POINTS 



In this chapter, the potential applications for MR 
examination of the small bowel are assessed along 
with the strengths and weaknesses of MR enterog- 
raphy vs. enteroclysis and the place of endoscopic 
evaluation in investigation of small bowel disor- 
ders. General considerations when choosing a 
radiological modality should include radiation 
dose, the invasiveness of the procedure to the indi- 
vidual, acute vs. elective evaluation of cases, capac- 
ity and hardware availability, and requirement for 
extraenteric assessment. The commonest and 
most important small bowel diseases are then eval- 
uated, including an appraisal of the roles of differ- 
ent radiological and endoscopic imaging modalities: 
this includes Crohn's disease, Celiac disease and 
scleroderma, polyposis syndromes, small bowel 
malignancy, investigation of unexplained iron defi- 
ciency anemia, adhesions, radiation enteropathy, 
and endometriosis. 



10.1 



Introduction 

Over the last decade, there has been increasing inter- 
est in utilizing MRI to investigate small bowel disease. 
The techniques of enteric MRI, together with clinical 
results, have been covered elsewhere in this volume 
(Chaps. 8 and 9). In this chapter, we address the place 
of MR in the diagnostic armamentarium for small bowel 
disease with reference to other imaging modalities, 
elucidating its role and considering its advantages and 
disadvantages according to clinical indication. 
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10.2 



Small Bowel Imaging: 
What is the Question? 

Diseases of the small bowel include inflammatory 
diseases, particularly Crohn's disease, Celiac disease 
and other autoimmune conditions, polyposis syn- 
dromes such as Peutz-Jeghers syndrome, primary 
malignancies including lymphoma and adenocarci- 
noma, congenital and postoperative adhesions, and 
infectious diseases. The full range of radiological 
investigations may be utilized in these conditions, 
together with endoscopic techniques, notably wire- 
less capsule endoscopy (WCE) and double balloon 
enteroscopy (DBE). 

However, while many of the available tests may be 
useful, each has its associated strengths and limita- 
tions, and it should be remembered that accurate 
clinical information, including a provisional diagno- 
sis where relevant, is essential when deciding the 
most appropriate radiological investigation. This 
can only be achieved via close cooperation with col- 
leagues in gastroenterology and abdominal surgery, 
together with full consideration of upper and lower 
gastrointestinal endoscopy findings and histopa- 
thology when available. For example, knowledge of 
postoperative anatomy following prior surgery can 
be critical when interpreting difficult cases. The for- 
mulation of a clear question by the referring clini- 
cian is therefore the most important step to allow the 
radiologist to choose the most appropriate technique 
to provide the answer to a particular situation. 
Referring clinicians must also be aware that as the 
clinical status of an individual patient with a partic- 
ular condition changes, the appropriateness of an 
imaging modality may also change, for example 
where acute complications such as obstruction, 
acute hemorrhage or hollow viscous perforation are 
suspected. 

The small bowel presents many clinical and 
radiological diagnostic challenges. Investigations 
must be both accurate and acceptable to our patients. 
The following sections examine the main issues to 
consider when contemplating the use of small bowel 
MR techniques over other available imaging modal- 
ities, with reference to current evidence. It also 
explores those clinical applications where MR may 
be more appropriate. The interface between endo- 
scopic imaging and radiology is also examined. 



10.3 



Choice of Small Bowel Imaging Technique: 
General Considerations 

10.3.1 

The Radiation Issue 

It is now clear that access to multidetector computed 
tomography (MDCT) has led to an increase in popu- 
lation radiation exposure (Brenner and Hall 2007). 
The benefits of MDCT are well known, including 
rapid image acquisition, isovoxel reconstruction, and 
potential for multiphase contrast enhanced acquisi- 
tion. However, patients with small bowel pathology, 
particularly those with Crohn's disease, frequently 
undergo multiple studies over the course of their dis- 
ease, especially during acute episodes or when com- 
plications arise (Desmond et al. 2008). This can result 
in significant radiation accumulation; estimated in 
one study at over 80 mSv in the 9% of patients under- 
going five or more CT examinations, rising to over 
160 mSv after ten or more CT scans, a dose that has 
been estimated to impart a lifetime risk of fatal 
malignancy of 1 .6 in 200 ( Jaffe et al. 2007; Peloquin 
et al. 2008). Nuclear medicine studies and barium 
examinations carry a lower but not insignificant 
radiation burden. Many individuals with small bowel 
disease are young, so where possible radiation-free 
imaging is preferable (Fig. 10.1). For this reason, 
small bowel MRI and ultrasound examinations are 
advantageous, where clinically appropriate. 



10.3.2 

Invasive Investigations: Bowel 
Preparation and Tubes 

While a period of fasting is usually required for all 
small bowel studies, cathartic bowel preparation is 
unpopular with patients (Jensch et al. 2008), but may 
be an important aspect of barium examinations of 
the small bowel, WCE, and DBE. Purgation is not 
always necessary prior to CT, nuclear medicine, or 
MRI studies, depending on the indication and clini- 
cian preference, but the bowel distension agent may 
be a laxative, for example polyethylene glycol (PEG), 
or have a significant laxative side- effect (e.g.,mannitol) 
(Lauenstein et al. 2003). 



MR I of the Small Bowel: Clinical Role 



151 




Fig. 10.1. CT enterography for suspected Crohn's disease 
in a young patient intolerant of nasojejunal tube and MRI. 
Scan 1 h after oral contrast demonstrates gastric stasis (ar- 
rowheads) and poor small bowel distension 



In our experience, nasojejunal intubation without 
sedation for enteroclysis is tolerated but unpopular 
with both patients and most radiologists, and it also 
deters some patients from attending for repeat stud- 
ies. While in expert hands fluoroscopic screening 
times can be low (Traill and Nolan 1995), tube 
placement by less experienced operators or in more 
difficult cases may result in higher screening times, 
imparting a significant radiation dose and negating 
the benefit of using MRI to avoid radiation. In a 
small proportion of patients, jejunal intubation is 
impossible due to distorted anatomy or patient intol- 
erance. While sedoanesthesia makes the procedure 
more comfortable for patients, it requires additional 
monitoring and staff to prevent complications and 
has implications for the patient following the proce- 
dure (e.g., the ability to drive or to go home unac- 
companied). In one study comparing two types of 
sedoanesthesia for CT enteroclysis, while most 
patients would undergo the procedure again if 
required, very high mean doses of opiate and benzo- 
diazepines were administered (3.9 mg midazolam 




Fig. 10.2. Coronal CT performed acutely in patient with 
Crohn's disease and bowel obstruction, with suspected acute 
flare. The appendix lies adjacent to distended cecum (C) and 
terminal ileum (77) and is dilated (arrowheads). It contains 
an appendicolith (arrow) - diagnosis appendicitis 

and 108 |ug fentanyl) and a significant number of 
patients (25-31%) had oxygen desaturation, indicat- 
ing potentially dangerous oversedation (Maglinte 
et al. 2008). MR enteroclysis examinations also result 
in significantly more discomfort and abdominal 
pain following the procedure than enterography 
(Negaard et al. 2008). 



10.3.3 

Acute vs. Elective Evaluation 

Many radiology departments offer 24 h access for 
acute abdominal CT. MDCT is very effective for 
detection of perforation and abscess, and exclusion 
of clinically unsuspected pathology outside the bowel 
(Fig. 10.2) as well as for evaluation of the acute abdo- 
men, particularly when evaluating the site and cause 
of small bowel obstruction and acute presentations 
of Crohn's disease (Fig. 10.3) (Vogel et al. 2007). 
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Fig. 10.3. Axial CT in acute flare of Crohn's with small bowel 
obstruction. Note mural hyperenhancement of diseased dis- 
tal ileum (arrowheads) 



While similar out of hours access may be available 
for ultrasound, the same is not always true for other 
modalities, particularly MRI. In this setting, consid- 
erations of radiation exposure must be tempered by 
the need for rapid diagnosis. Indeed, MDCT may be 
more appropriate where hollow viscus perforation is 
suspected, for example. In acutely unwell patients, a 
CT scan is quicker and needs fewer breath-holds than 
MRI, improving patient compliance in what is often a 
difficult clinical situation. In severely ill patients, the 
length of examination and limited access for clinical 
assessment during the scan may render MRI com- 
pletely inappropriate. 

Even in an elective outpatient setting, limited 
access may restrict the availability to MRI. 

10.3.4 

Capacity and Hardware 

As alluded to above, hardware constraints are a sig- 
nificant factor for many wishing to offer small bowel 
MRI. The technical requirements for enteric MRI are 
covered elsewhere in this volume, suffice to say that 
access to high-quality body surface coils and ade- 
quate field strength scanners (1.5T or higher) are 
essential. However, negotiating scanning time for 
these cases is equally important, and developing a 
new service is a challenge, when balancing ever- 
increasing MRI service demands for other clinical 
indications. 



10.3.5 

Disease Stage 

As Crohn's disease is the commonest indication, an abil- 
ity to detect early disease is important, particularly as 
interest grows within the gastroenterology community 
for earlier treatment with potent immunomodulator 
therapy with the hope of modifying the course of dis- 
ease. Aphthous ulcers, the earliest manifestation of 
Crohn's disease, are best demonstrated radiologically 
with traditional barium studies, and it may be argued 
that this may protect a role for barium studies in the 
evaluation of patients with no prior diagnosis of Crohn's 
disease. However, such early findings are difficult to 
detect (Liang puns akul et al. 2003) even in skilled 
hands and, in the authors' experience, radiologists in 
training are currently exposed to insufficient cases to 
achieve competence in interpretation. Furthermore, the 
majority of newly presenting patients have more 
advanced findings at diagnosis (such as wall thickening 
or even fistulation). In reality, the difficulty of diagnos- 
ing very early disease using cross-sectional techniques 
may not have a significant impact in day-to-day clinical 
practice since the pertinent questions relate more to dis- 
ease severity, activity, and extent. Indeed, in the authors' 
practice, barium studies have assumed a secondary role 
for problem-solving equivocal MRI examinations. 

10.3.6 

Extra Enteric Assessment 

A clear benefit of cross-sectional imaging over barium 
examinations and ultrasound is the ability to accu- 
rately evaluate overlapping or gas-filled bowel loops 
deep in the pelvis or elsewhere. However, of equal 
importance, extra enteric abdominal abnormalities 
may be detected, such as fistulation or abscess 
(Fig. 10.4), colonic or appendiceal pathology (Fig. 10.5), 
or staging of metastatic malignancy and these are par- 
ticular strengths of both MDCT and MRI. 



10.4 



Small Bowel Assessment: Head-to-Head 
Comparison - General Considerations 

10.4.1 

MR Enterography or Enteroclysis? 

This section could equally be entitled "zealot or 
pragmatist?" The techniques of enterography and 
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Fig. 10.4. MR enterography with (a) coronal HASTE and (b) 
coronal postgadolinium VIBE sequences demonstrate ob- 
struction of a Crohn's terminal ileal segment (black arrow) 

enteroclysis are comprehensively covered in Chaps. 8 
and 9. An ideal technique would maximize bowel dis- 
tension to facilitate detection of small bowel pathology, 
while optimizing patient tolerance and minimizing 
cost and resource use. Unfortunately, there is very little 
comparative data in the literature to guide radiologists 
as to the optimum technique according to the differing 
indications. In reality, as will be discussed, the choice of 
one technique over another is largely governed by per- 
sonal opinion and preference, and available expertise 
and infrastructure. 

Neither MR enteroclysis nor enterography have a 
clear advantage over each other for all indications. 
While enteroclysis is inherently invasive, usually 
unpopular with patients (Negaard et al. 2008) and 
incurs additional financial cost and radiation expo- 
sure, distension is undoubtedly superior, particu- 
larly in the jejunum (Masselli et al. 2008; Negaard 
et al. 2007). Bowel distension is a prerequisite for 
successful small bowel MRI examination. This supe- 
riority may make enteroclysis more suitable for 
patients with celiac disease or intestinal polyposis, 
for example, where jejunal disease is more common. 
Enterography conversely may be more suited to 



mural hyperenhancement from acute on chronic fibrostenotic 
disease with a small intramural abscess (white arrow) and an 
inflammatory phlegmon in the mesentery (arrowhead) 

patients with disease affecting the distal small bowel 
as the advantages conveyed by enteroclysis are less 
obvious (Masselli et al. 2008), notably ileal Crohn's 
disease. There is, therefore, a reasonable argument 
that the superior quality of MR enteroclysis justifies 
its invasiveness in the first diagnosis of polyposis 
syndromes, with enterography more suited to fol- 
low-up of patients with established disease. 
Enterography is, however, highly advantageous in a 
paediatric population (Laghi et al. 2003) and in 
other patients where nasojejunal intubation is 
unsuitable or not tolerated. It is also less time-con- 
suming for radiologists and there is no doubt that 
the vast majority of radiologists are unprepared to 
perform intubation when faced with the easier alter- 
native of enterography; the historical overwhelming 
preponderance of barium follow-through over bar- 
ium enteroclysis is proof of this. Inclusion of dynamic 
gradient echo acquisitions may in part compensate 
for suboptimal distension, improving sensitivity for 
jejunal pathology by demonstrating normal peristal- 
izing collapsed loops (Torkzad et al. 2007), com- 
pared to aperistaltic diseased segments (Kitazume 
et al. 2007). 
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Fig. 10.5. Coronal thick slab T2W MR enteroclysis images, 4 cm cystic structure in the right iliac fossa (arrowhead), (c) 
(a) early and (b) late after infusion of methylcellulose, show a Coronal HASTE sequence confirms an appendix mucocele 
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Until the literature demonstrates significant and 
clear advantages of one examination over the other, a 
pragmatic and tailored approach to technique may be 
required according to indication, personal experience 
and patient preference. With respect to demonstrat- 
ing an advantage, it is worth noting that very few ran- 
domized studies of barium studies have been 
performed, and those that were found follow- through 
superior (Bernstein et al. 1997). In reality, the vast 
majority of the literature constitutes personal case- 
series from highly competent gastrointestinal radiolo- 
gists, with the result that the reported test characteristics 
can be accused of clear spectrum bias. 



10.4.2 

Radiology or Endoscopy? 

Endoscopic evaluations of the small bowel (WCE 
and DBE) are largely complementary to radiological 
investigations, as each has different strengths and 
weaknesses. An obvious advantage of endoscopic 
techniques is direct visualization of the enteric 
mucosa and the ability to detect subtle lesions beyond 
the resolution of radiological investigations, including 
telangectasias, mucosal hyperaemia (the earliest visi- 
ble sign of Crohn's disease), and aphthous ulcers 
(Fukumoto et al. 2009b). With the advent of DBE, pan- 
endoscopy of the small bowel is potentially achievable 
in a high proportion of individuals (over 70%), albeit 
requiring considerable expertise and both per oral and 
per anal intubation for a complete examination ( Araki 
et al. 2009). Other endoscopic possibilities include 
biopsy, polypectomy, ablation of vascular malforma- 
tions, and tattooing to aid identification of pathology 
for laparoscopic resection. However, examinations are 
often long, due to the complexity of navigating the 
small bowel with the endoscope and oversheath, and 
require considerable patient sedation or anesthesia. As 
with any new interventional (or radiological) tech- 
nique, there is a significant learning curve for new 
practitioners (Gross and Stark 2008), and the range 
of interventional tools is more limited than colonos- 
copy, where extensive endoscopic mucosal resection of 
early tumors is possible. Access to DBE is also cur- 
rently limited in many hospitals, services often being 
concentrated in major referral centres. The same is 
true regarding WCE, with expensive equipment and 
consumables, and limited expertise (Postgate et al. 
2009). WCE is a less invasive examination, but reading 
time for studies is long (often over lh), a significant 
drawback (Westerhof et al. 2009a). Computer-aided 



detection technology may reduce reading times and 
improve accuracy in the future, but remains within 
the research domain at present (Li and Meng 2009). 

DBE requires sedoanaesthesia and WCE carries a 
risk of retention/obstruction in stricturing small bowel 
disease (see below), and both usually require bowel 
purgation. Although WCE offers high-resolution 
images, there are limitations: localization signals 
within the abdomen from the capsule are not easily 
anatomically co-located to a specific bowel segment, so 
radiologic imaging may be required to determine the 
precise site of disease (Hara et al. 2005). Proximal 
lesions, such as those in the duodenum, may be missed 
due to rapid transit through the segment (Clarke 
et al. 2008; Postgate et al. 2008), and as battery life is 
limited, prolonged gut transit may result in the capsule 
shutting down before the colon is reached (Westerhof 
et al. 2009b). Of course, unlike cross-sectional radio- 
logical techniques such as MRI, both WCE and DBE 
fail to provide any information beyond the bowel 
lumen and as such are insensitive to mural disease 
deep to the bowel mucosa, and extraenteric complica- 
tions. In practical terms, less invasive WCE and radio- 
logical techniques can offer targets for DBE to biopsy 
or to ablate focal lesions. 

Extraluminal complications are best assessed by 
cross-sectional imaging, and although visualization 
of mucosal disease is superior with endoscopy, inac- 
cessible lesions and poorly visualized bowel segments 
are not uncommon (Fukumoto et al. 2009a). Overall, 
multimodality assessment is the rule rather than the 
exception, particularly for difficult cases: radiology 
and endoscopy are frequently interdependent in such 
cases (Maglinte et al. 2007). 



10.5 



Indications for Small Bowel Imaging 

We will now assess the role of MRI with reference to 
the main indications for small bowel imaging. 

10.5.1 

Inflammatory Bowel Disease: Crohn's disease 

Direct comparisons between the various imaging 
modalities in Crohn's disease are conspicuously lacking 
within the current literature, especially randomized 
studies. Most studies are small and compare one or two 
imaging techniques at a single center, usually very expe- 
rienced in one of the techniques under examination. 
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One of the greatest drawbacks of any study of inflam- 
matory bowel disease is the lack of a reliable reference 
standard, as there is discrepancy between clinical dis- 
ease activity scores, radiological, endoscopic, and biopsy 
activity even in the same individual at the same time- 
point. A recent meta-analysis compared the accuracy of 
MRI in the assessment of Crohn's disease with other 
radiological modalities (Horsthuis et al. 2008). Bearing 
these biases in mind and allowing for the marked vari- 
ability in standard of reference for the primary compo- 
nent studies, a meta-analysis performed by Horsthuis 
and colleagues assessed 33 studies with prospective 
recruitment and over 15 subjects, utilizing CT, MRI, 
ultrasound, or scintigraphy. While per-patient analysis 
yielded uniformly high sensitivity across modalities 
(around 90%) with similar specificity, per-segment sen- 
sitivity revealed lower results ranging from 77% for 
scintigraphy to 67% for CT, while maintaining high 
specificity (over 90%). CT was least sensitive and spe- 
cific when compared with MRI and scintigraphy 
(Horsthuis et al. 2008), an important observation given 
the high radiation burden of CT. There was no attempt 
to assess the relative performance of barium studies. 
As we are aiming to use nonionizing examinations 
wherever possible, these data suggest MRI and ultra- 
sound are attractive methods of assessing nonacute 
patients (Figs. 10.6 and 10.7). With no compelling evi- 
dence supporting the superiority of either ultrasound 
or MRI over the other, implementation is currently 
dependent on local facilities and available expertise. 
The dependence of ultrasound on the expertise of 
the practitioner is well described (Sheridan et al. 
1993), together with the known difficulties when eval- 
uating deep pelvic loops and the more proximal small 
bowel. 

The superior distension afforded by enteroclysis 
compared with enterography results in the former 
probably having a greater accuracy in depicting dis- 
eased segments (Masselli et al. 2008). However as 
noted above, the disadvantages of enteroclysis are sig- 
nificant enough to render it impractical to offer 
enteroclysis as the sole small bowel MRI technique 
within most institutions. Enterography is intuitively a 
more acceptable modality both for patients and radi- 
ologists and clearly more generalizable. Pragmatically, 
enteroclysis could be reserved for first disease staging/ 
diagnosis, particularly in patients with suspicion of 
jejunal disease or patients who cannot manage to 
drink oral contrast due to nausea. Such an approach is 
advocated by leading proponents of the enteroclysis 
technique. Others, including the authors, use MR 
enterography as the first technique for all small bowel 




Fig. 10.6. Clinical suspicion of Crohn's in a patient with 
normal small bowel meal, upper and lower GI endoscopy. 
Coronal HASTE from MR enterography in a well-distended 
jejunum shows nodular thickening of folds (arrowheads) 
(and enlarged enhancing mesenteric nodes - not shown). 
Enteroscopy confirmed diffuse Crohn's disease 

MRI referrals in Crohn's disease, for the reasons 
described in Sect. 11.1.4. One additional significant 
benefit of MRI over other examinations is the ability 
to accurately define fistulizing perianal disease as an 
addition to the small bowel examination. 

The ability of cross-sectional techniques to assess 
Crohn's disease activity is also worthy of consideration. 
In a further meta-analysis, Horsthuis et al. analysed the 
ability of MRI to determine disease activity. Pooling 
140 patients from seven studies, MRI correctly graded 
disease activity in 91% of cases with frank disease, but 
only 62% or patients in remission or with mild disease 
and, when incorrect, tended to over-stage disease in 
38% of patients in remission and 21% with mild dis- 
ease (Horsthuis et al. 2009a). Actively inflamed bowel 
segments exhibit higher mural T2 signal and may have 
higher gadolinium concentrations after contrast 
administration (Horsthuis et al. 2009b), both of 
which can be subjectively assessed during interpreta- 
tion of disease activity. Generally, hyperenhancement, 
particularly when layered/stratified, indicates active 
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Fig. 10.7. Axial high-frequency ultrasound, in a male with 
acute right iliac fossa pain. The terminal ileum is thickened, 
with increased Doppler color flow. Echogenic fibrofatty mes- 
entery and small abscess (arrowheads) from short segment 
Crohn's disease 



disease on MR or CT evaluations (Fig. 10.8) (Sempere 
et al. 2005). Low-level heterogeneous enhancement 
often indicates inactive or fibrostenotic disease 
(Fig. 10.9). It should be noted that layered enhancement 
may persist when inflammation has resolved (Sempere 
et al. 2009). Ultrasound allows demonstration of 
increased vascularity by increased power or color 
Doppler signal (Fig. 10.6) (Fraquelli et al. 2008), and 
isotope studies can also depict increased focal uptake. 

Rimola and colleagues have proposed that MR 
enterography is sufficiently accurate for it to be a 
viable alternative to endoscopy in patients with 
established Crohn's disease (Rimola et al. 2009). 

While there is reasonable evidence supporting MR 
small bowel techniques for the assessment of estab- 
lished Crohn's disease, the role in the first diagnosis of 
those with suspected disease is less clear-cut. Small 
comparative studies between MRI and fluoroscopic 
enteroclysis suggest that the latter has greater sensitiv- 
ity for early mucosal disease (Gourtsoyiannis et al. 
2004). This raises the possibility that MR may miss the 




Fig. 10.8. New presentation with obstructing Crohn's sig- 
moid stricture at colonoscopy. MR enterography (a) axial 
HASTE and (b) postcontrast VIBE shows complex cecosig- 
moidileal fistula (arrowheads) with hyperenhancement from 
active disease 

diagnosis of Crohn's disease in those presenting with 
subtle mucosal disease only. However, there is also 
growing evidence of the failings of small bowel barium 
examinations (Maglinte 2005). This is perhaps mul- 
tifactorial and an intrinsic limitation of the technique, 
resulting from overlapping pelvic loops hiding disease, 
inadequate distension of jejunal loops, and subtle early 
disease also being missed. A recent study comparing 
sequential barium follow through with CT and MR 
enterography and ileo colonoscopy showed similar 
accuracy in the detection of Crohn's disease, but cross- 
sectional imaging demonstrated more extraenteric 
complications (Lee et al. 2009). While this latter find- 
ing is perhaps intuitive, it is a clear weakness of barium 
examinations and may relegate them in the future to a 
problem-solving modality, assuming the competence to 
interpret them exists. The study also confirmed that, in 
the main, patients with symptoms suggestive of Crohn's 
disease usually have demonstrable disease on cross- 
sectional imaging techniques. 

Nuclear medicine examinations can play a role for 
assessment of disease activity in Crohn's disease, with 
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Fig. 10.9. Known Crohn's disease with new symptoms. MR 
enterography demonstrates two short strictures (arrow- 
heads) on (a) axial HASTE and (b) postcontrast VIBE but 
no enhancement - fibrostenotic disease 

either Technitium-99m-HMPAO (Giaffer et al. 1996) 
or Indium-Ill (Nelson et al. 1990) or Technitium- 
99m-DMSA used to detect inflamed bowel segments 
(Koutroubakis et al. 2003). While the diagnostic 
accuracy for inflammatory bowel disease is similar to 
other modalities, the techniques are limited by an 
inability to reliably detect complications such as 
abscess, obstruction or fistula. Hybrid single photon 
emission computerized tomography with CT fusion 
(SPECT/CT) may overcome this limitation and 
improves discrimination of bowel from bone marrow 
uptake in the pelvis (Biancone et al. 2005) and detec- 
tion of complications (Filippi et al. 2006). While some 
authors have investigated more complex fusion tech- 
niques to improve diagnostic accuracy of nuclear 
medicine studies, such as CT PET enteroclysis (Das 
et al. 2007), the long examination time, radiation 
requirement, and invasive nature probably preclude 
practical application of this technique. For this rea- 
son, and the consequent radiation burden, the role of 
isotope studies is likely to be extremely limited. 



WCE has also been proposed as a first-line inves- 
tigation for suspected Crohn's disease. Meta-analysis 
data suggests that WCE has superior sensitivity for 
the diagnosis of Crohn's disease over both radiologi- 
cal and conventional endoscopic techniques 
(Triester et al. 2006). Furthermore, preliminary 
health economic data suggest that WCE may be a 
cost-effective first-line test in the work-up of those 
with suspected Crohn's disease (Goldfarb et al. 
2004). However, the required infrastructure and 
expertise needed to perform high volumes of WCE 
are currently lacking in most healthcare systems, 
limiting widespread adoption for this indication. 
WCE is therefore often reserved for cases when high 
clinical suspicion remains but conventional endos- 
copy and imaging have been negative or inconclu- 
sive. In patients without obstructive symptoms, 
capsule retention rates are low. While the use of WCE 
as a first-line test for the diagnosis of Crohn's dis- 
ease may increase, capsule retention due to stricture 
formation is a problem (Cave et al. 2005), with the 
greatest risk around 8% in those with a prior history 
of surgery (Westerhof et al. 2009b). In these cases, 
it may be sensible to perform enteroclysis to exclude 
stricture before proceeding with a capsule study 
(Fig. 10.10), as normal barium follow through does 
not adequately exclude stricture, although MR 
enterography may be an effective alternative to 
exclude significant Crohn's strictures prior to WCE. 
An even simpler approach is to use a patency 
capsule. 

Ileocolonoscopy allows high ileal intubation rates 
(-95%) in expert hands (Terheggen et al. 2008), 
but examination of the ileum is necessarily limited 
to the terminal ileum. Conventional colonoscopy is 
thus usually supplemented by a small bowel imaging 
test, either because it has not been possible to intu- 
bate the ileum or because the proximal extent of ter- 
minal ileal disease cannot be seen. Small bowel 
imaging is also necessary where the terminal ileum 
is normal on ileoscopy but where there is a clinical 
possibility of proximal disease, e.g., in the jejunum 
in younger patients. DBE offers examination of the 
more proximal ileum but is more invasive, and is 
likely to be reserved for cases where differentiation 
of inflammatory from malignant strictures is neces- 
sary, based on inconclusive radiological imaging 
characterization. 

A flowchart is provided for a suggested patient 
pathway to investigate known or suspected Crohn's 
disease (Fig. 10.11). 
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Fig. 10.10. Limited ileal resection for Crohn's disease 30 anastomosis (arrow), increasing risk of capsule retention/ 
years prior, with new refractory anaemia, (a) CT enterocly- obstruction, and (b) long segment thickening and enhance- 
sis (requested prior to WCE) demonstrates tight stricture at ment (arrowheads) from recurrent Crohn's disease 
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Inconclusive 



Low/normal 
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(MDCT if MR not 
available or patient 
acutely unwell) 



Fig. 10.11. Suggested flowchart for investigation of small bowel Crohn's disease 



10.5.2 

Autoimmune Disease: Celiac Disease and 
Scleroderma/Progressive Systemic Sclerosis 

Celiac disease is caused by gluten insensitivity, and 
produces a range of abnormalities in the GI tract, 
centred on the proximal small bowel. The mainstay of 
diagnosis relies upon positive serology for endomy- 
sial antibody or elevated tissue transglutaminase, 



with duodenal biopsy confirmation (Di and Corazza 
2009; Jones and Sleet 2009). As for Crohn's disease, 
endoscopic and WCE examinations have the ability to 
depict more subtle disease (sensitivity 87.5%, speci- 
ficity 90.9%) (Rondonotti et al. 2007). The role of 
radiology is thus to detect complications, particularly 
in those patients who become refractory to dietary 
control or where there is specific concern for under- 
lying malignancy, notably gastrointestinal lymphoma, 
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Fig. 10.12. MR enterography in refractory Celiac disease. 
Axial FISP shows dilated proximal jejunum and reduction 
in number of folds (arrowhead) 

or adeno/squamous cell carcinomas. The imaging 
findings associated with celiac disease are well 
described and include focal dilatation, jejunalization 
of the ileum, flattening of jejunal folds, intussuscep- 
tion, lymphadenopathy, hyposplenism, and focal wall 
thickening (Fig. 10.12) (Paolantonio et al. 2007). 
Given that diagnosis or exclusion of malignancy is 
the key role for radiology, rather than diagnosis, an 
ability to detect other extraenteric complications 
(such as cavitating lymph node syndrome) is an 
advantage (Boudiaf et al. 2004) - barium studies are 
once again displaced by newer technologies. 

While there are no large studies of radiology for 
investigation of possible malignancy in Celiac dis- 
ease, Masselli et al. have shown MR enteroclysis to be 
highly accurate for diagnosis of small bowel neopla- 
sia (Masselli et al. 2009). It would therefore seem 
prudent to use enteroclysis rather than enterography 
for this indication, while awaiting more data on MR 
enterography (Lohan et al. 2008). CT enteroclysis 
and standard MDCT also both have a role (Boudiaf 
et al. 2004; Mallant et al. 2007; Soyer et al. 2008), 
and are likely to be at least as sensitive as MRI. Again 
the choice is largely pragmatic, although ionizing 
radiation should be avoided whenever possible in a 
young patient cohort at higher risk of malignant 
transformation. 

Scleroderma/Progressive Systemic Sclerosis is 
another multisystem autoimmune disease, which 
affects the gastrointestinal tract in up to 80% cases 
(Domsic et al. 2008). Antinuclear and anti-scl70 anti- 
bodies are usually positive, with the disease process 
resulting in enteric neuropathy and myopathy, the 
latter causing replacement of the muscular layer by 



Fig. 10.13. Diffuse dilatation of small bowel in Scleroderma 
(arrowheads) shown at coronal HASTE. There is no wall 
thickening and folds are preserved. Note stasis of bowel 
content (asterisk) due to reduced peristalsis 

fibrotic tissue (Young et al. 1996). This results in 
bowel hypocontractility and dilatation, which in turn 
promotes bacterial overgrowth and malabsorption 
(Fig. 10.13) (Ebert 2008). Although evidence on the 
diagnostic performance of imaging modalities is 
limited and warrants further research, the expected 
findings of dilatation, reduced peristalsis, and 
pseudodiverticula formation are probably equally 
well seen with both barium (Pickhardt 1999) and 
MR examinations, the latter with the addition of cine 
MR sequences to allow a functional assessment. 

10.5.3 

Polyposis Syndromes: Familial Adenomatous 
Polyposis and Peutz-Jeghers Syndrome 

Polyposis syndromes present interesting challenges 
for radiology. Familial adenomatous polyposis coli 
(FAP) is typically diagnosed in young adults follow- 
ing screening colonoscopy, although some sporadic 
cases are detected in individuals presenting without 
a family history, due to spontaneous mutations in the 
APC (adenomatous polyposis coli) gene. While radi- 
ology has little role in monitoring colonic disease 
(except where frank malignancy has developed), it 
has significant input beyond the colon, given the 
wide ranging manifestations and complications of 
the condition. 
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Fig. 10.14. Obstructive symptoms in a postcolectomy patient 
with FAP and duodenal polyposis. CT enteroclysis shows no 
jejunal polyps, but a desmoid tumor lies in the small bowel 
mesentery (arrowheads), obstructing the jejunum, resulting 
in duodenal dilatation (asterisk) 

Desmoid tumors are benign fibrous tumors but are 
locally aggressive, and are a major and life-threaten- 
ing complication in patients with FAP. There is a ten- 
dency to develop following surgical trauma, notably 
panproctocolectomy, and in approximately 10% of 
cases overall, desmoids result in significant comorbid- 
ity and mortality due to pressure effects on adjacent 
organs and insidious infiltration resulting in obstruc- 
tion of small bowel, blood vessels, or renal tract 
(Arvanitis et al. 1990). Both CT and MRI can demon- 
strate desmoids and their precursor lesions accurately 
(Fig. 10.14) (Azizi et al. 2005; Kawashima et al. 1994), 
which is important to allow planning for surgical 
resection (Latchford et al. 2006b). A further concern 
in patients with FAP is the strong association with duo- 
denal polyposis and carcinoma, a common cause of 
noncolorectal cancer death, and patients usually need 
screening of upper GI endoscopy at regular intervals 
(Bulow et al. 2004). Radiology has a subsequent role in 
the assessment of established duodenal malignancy. 

Endoscopic evaluation is more sensitive than radi- 
ology for the assessment of duodenal polyposis in 
FAP, with the distinct advantage that biopsy to detect 
dysplasia and field change is necessary to establish 



the Spiegelman classification for each individual 
patient. Polyposis may extend to involve the jejunum 
and ileum, which necessitates a more extensive enteric 
evaluation than that offered by standard upper GI 
endoscopy alone (Iaquinto et al. 2008a). WCE allows 
such an evaluation and is safe, although it does not 
assess the duodenum adequately, the commonest site 
of disease (Iaquinto et al. 2008b). Furthermore, rou- 
tine WCE risks obstruction in postcolectomy patients 
who have desmoid tumors or adhesions (Pennazio 
et al. 2008). 

Enteroclysis has advantages over enterography in 
that jejunal (and by implication duodenal) distension is 
superior and the cross-sectional imaging capability of 
CT and MR allows simultaneous assessment of des- 
moid tumors. There is the some data that MRI is more 
accurate than CT for the assessment of desmoid disease 
(Lee et al. 2006) and therefore MR enteroclysis is very 
likely to be the superior radiological method to assess 
this subgroup of patients, particularly in those with 
obstructive symptoms. Barium enteroclysis does not 
have adequate sensitivity or specificity for even large 
polyps over 10 mm, and so cannot be recommended for 
this indication (Plum et al. 2009). However, the supe- 
rior spatial resolution of MDCT suggests the CT entero- 
clysis may have a role, and both MDCT and MRI will 
also allow detection of the pancreatic and adrenal 
tumors that may also complicate this syndrome. 

Peutz-Jeghers Syndrome (PJS) results in hamartoma- 
tous polyposis of the GI tract, particularly affecting the 
small bowel and colon, due to mutation of the STK11 
(serine/threonine kinase) gene. Important complica- 
tions are obstruction, intussusception, and hemor- 
rhage from large polyps, and patients often present 
with small bowel obstruction in childhood. (Vidal 
et al. 2009). There is therefore a role for imaging to 
evaluate the presence, size, and distribution of polyps 
to determine whether elective DBE polypectomy is 
appropriate, and for planning whether an antegrade or 
retrograde route will be required to achieve this (Plum 
et al. 2007). Enteroclysis most accurately depicts poly- 
posis, by optimizing jejunal distension, and although 
CT offers better spatial resolution than MR, both tech- 
niques are satisfactory. WCE outperforms radiological 
investigation for confirming polyposis, and particu- 
larly for detection of smaller polyps (<5 mm) (Caspari 
et al. 2004), but these are rarely symptomatic. Larger 
polyps may be missed with capsule examinations 
(Postgate et al. 2008) and imaging may demonstrate 
complications, such as intussussception. MRI also 
more accurately defines the true size and location of 
larger polyps (Caspari et al. 2004). As with Crohn's 
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Fig. 10.15. Peutz-Jegher syndrome small bowel assessment. follow-up MR enterography examination. Note small pedun- 

(a) Baseline CT enteroclysis demonstrates multiple polyps culated polyp (arrowhead). DBE polypectomy was performed 

(white arrowheads) with the largest lesion indicated (black for relief of obstructive symptoms 
arrowhead), (b) There is interval growth to 3 cm at 2-year 



disease, after a baseline enteroclysis examination, fol- 
low-up enterography may be appropriate to monitor 
the diameter of known polyps in patients scheduled 
for surveillance rather than polypectomy (e.g., polyps 
<2cm diameter) (Fig. 10.15), but hard evidence sup- 
porting this approach is limited. 

One of the greatest concerns for PJS patients is the 
development of malignancy. GI tract cancers are 
common (57% of PJS cases by age 70) with colorectal 
cancer occurring most frequently (39% by age 70). 
However, other abdominal sites are also at risk, 
including the stomach and small bowel, pancreas and 
gynecological organs, as well as breast tumors occur- 
ring in 50% of females reaching 60 years (Hearle 
et al. 2006). Cross-sectional imaging therefore pres- 
ents a possible opportunity to search for these compli- 
cations. While there is no current evidence to support 
a particular screening programme in terms of modal- 
ity or screening interval, MRI may have a role, allow- 
ing assessment of both small bowel and solid organ 
sites. Further research and analysis of cost-effectiveness 
is required to evaluate such a strategy (Latchford et al. 
2006a). In a young patient cohort, avoidance of high- 
dose ionizing radiation by avoiding MDCT is quite 
likely to be a key concern in the screening setting. 



10.5.4 
Malignancy 

Data are emerging to define the role of imaging in the 
assessment of small bowel malignancy. This is an 
important area because, although uncommon, the 




Fig. 10.16. MR enterography axial HASTE with focal shoul- 
dered ileal stricture (arrows) and preserved lumen with no 
obstruction, typical of lymphoma 



incidence of small bowel malignancy is currently 
increasing while survival rates remain unchanged 
(Gustafsson et al. 2008). Primary (adenocarcinoma, 
lymphoma, stromal, and carcinoid tumors) and 
secondary tumors may involve the small bowel. All 
primary tumors are uncommon, and no large direct 
comparative studies have been performed with respect 
to MR and MDCT in their evaluation. While standard 
MDCT and MR enterography can localize and stage 
tumors (Fig. 10.16) (Lohan et al. 2008; Minordi et al. 

2007) , the largest series utilize enteroclysis to optimize 
their detection and any data confirming superiority 
over enterography is limited (Ryan and Heaslip 

2008) . 

Masselli and colleagues recently published their 
experience of MR enteroclysis in 150 patients with a 
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Fig. 10.17. CT enteroclysis (positive enteric contrast) with 
diffuse ileal wall (arrows) and fold thickening (arrowheads) 
from lymphomatosis infiltration 

clinical suspicion small bowel neoplasia. All patients 
had prior negative upper and lower GI endoscopy, 
and follow-up WCE, surgery, clinical follow-up, or 
endoscopic biopsy. MR enteroclysis detected 19 of 
22 tumors (prevalence 15%), with false-positive 
diagnosis in two cases, giving 86% sensitivity, 98% 
specificity, and 97% accuracy for MRI (Masselli 
et al. 2009). Pilleul and colleagues evaluated CT 
enteroclysis in 219 patients, with a higher tumor 
prevalence (27%) and found comparable results, 
with lesions detected in 50 of 59 cases and false- 
positive diagnosis in five, giving 85% sensitivity, 
97% specificity, and 93% accuracy (Fig. 10.17) 
(Boudiaf et al. 2004; Masselli et al. 2009; Pilleul 
et al. 2006). 

It is important to consider WCE in the context of 
possible small bowel tumors. 

While capsule retention is a risk, occurring in up 
to 25% of cases in one series, the risk of obstruction is 
low (Pennazio et al. 2008). Both DBE and WCE have 
similar diagnostic yields, but WCE is less invasive 
(Pasha et al. 2008). Like CT and MRI, WCE is also 
hindered by false-positive and negative diagnoses. In 
one analysis, WCE was normal in 1.5% of cases with a 
proven tumor, and failed to detect an abnormality in 
10% of instances where one was present (Lewis et al. 
2005) and other false-negative studies have been 
reported by other authors (Postgate et al. 2008). 
WCE visualizes tumors either as polyps/masses, 
ulcers or strictures. Accurate anatomic localization 
and sizing can be difficult, and imaging is usually 
required for staging and surgical planning, or to guide 
DBE or push enteroscopy for biopsy confirmation. 
While WCE is undoubtedly the highest yield single 



investigation, in any patient with unexplained ongo- 
ing symptoms and a negative WCE, where concern 
persists for small bowel malignancy, further radio- 
logical investigation is appropriate. 

10.5.5 

Evaluation of Occult GI Bleeding 

Occult bleeding must be differentiated from active 
overt bleeding, for which IV contrast enhanced MDCT, 
labelled red cell scanning and mesenteric angiogra- 
phy, are the primary investigative tools where endos- 
copy has been negative (Laing et al. 2007). 

Occult bleeding is most commonly caused by 
angiodysplasia, with tumors, ulceration, Meckel's diver- 
ticulum, and Crohn's disease less common causes. In 
patients with negative prior upper and lower GI endos- 
copy, the typical yield of radiological investigations of 
all types is low; only 5% for standard barium examina- 
tions rising to 10-20% with barium and CT enteroclysis 
(Moch et al. 1994; Rex et al. 1989; Voderholzer et al. 
2003). These data are in stark contrast to WCE where 
diagnostic yield is as high as 45-76% (Costamagna 
et al. 2002; Hartmann et al. 2003). 

This is in part explained by detection of vascular 
lesions too small or subtle to detect radiologically, 
such as angiodysplasia and Dieulafoy lesions (Blecker 
et al. 2001; Foutch 1993), but the additional yield of 
WCE over all other investigations (40% vs. push ent- 
eroscopy, 37% vs. barium small bowel studies, 31% vs. 
CT enterography) makes a compelling case for using 
it as the first-line investigation for this indication 
(Triester et al. 2005). Rajesh and colleagues, with 
particular expertise in small bowel imaging, obtained 
similar yield to WCE for both barium-air enteroclysis 
and CT enteroclysis (Rajesh et al. 2009), but these 
data have not been replicated by other workers. 

The available literature on occult GI bleeding does 
not yet include MR examinations of the small bowel 
in significant numbers, although there is clearly over- 
lap in the setting of possible small bowel neoplasia 
(Masselli et al. 2009). It is therefore appropriate that 
WCE is the first-line investigation for occult GI bleed- 
ing, unless there are other symptoms that indicate 
MRI. For example, where there is specific suspicion of 
Crohn's disease or small bowel neoplasia, MDCT or 
MR enteroclysis are appropriate first-line investiga- 
tions. MDCT or MR enteroclysis may also be used for 
cases of occult bleeding where WCE has been nega- 
tive (Maglinte et al. 2007). In the authors' experi- 
ence, MDCT may have theoretical advantages over 
MR for detection of small, more subtle, hypervascular 
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Fig. 10.18. Patient with transfusion-dependent anemia, re- 
ferred for CT enteroclysis due to lack of local capacity for 
WCE. A 6 mm hyperenhancing vascular malformation is 
identified in mid small bowel (arrowhead), subsequently ab- 
lated with DBE. Distension is critical to identify these lesions 
(normal prior CT) 




Fig. 10.19. CT enteroclysis localizes a hyperenhancing ve- 
nous malformation in the mid-jejunum after abnormal 
WCE, to plan an antegrade DBE for combined DBE/laparo- 
scopic resection 



Confirmed iron 
deficiency anaemia or 
unexplained 
haematochezia or 
melaena 



No other symptoms 



Wireless Capsule 
Endoscopy 



Pathology identified 



Possible tumor - 
Localise/Stage with CT 
or MR enteroclysis 
+/- Biopsy with Push 
or Double Balloon 
enteroscopy 



Possible vascular 
malformation - 
Proceed to therapeutic 
Double Balloon 

Enteroscopy 
+/- localize with 
imaging 



Normal endoscopy and 
colonoscopy 




Development of new 
symptoms 



Normal with ongoing 
anaemia 



Assymptomatic 
and anaemia 
resolved - 
Stop 



Obstructive symptoms 
or other constitutional 
complaints (e.g., weight 
loss, anorexia) 



CT or MR enteroclysis 

(enterography if 
intolerant of NJ tube) 



Pathology identified 



Benign disease - 
Consider biopsy 
confirmation (e.g., 
Crohn's) depending on 
location 




Possible tumor - 
Consider biopsy with 

Push or Double 
Balloon Enteroscopy 



Fig. 10.20. Suggested flowchart for investigation of occult small bowel bleeding 
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tumors due to superior spatial resolution and less 
susceptibility to motion artifact following contrast 
enhancement (Figs. 18 and 19). 

An algorithm is provided as a guide to investigate 
patients using these modalities (Fig. 10.20). 

10.5.6 

Other Small Bowel Diseases 

10.5.6.1 
Adhesions 

The MR imaging of adhesions will be dealt with in 
detail in Chap. 16. WCE is not indicated, due to reten- 
tion risk, but DBE can offer balloon dilatation of 
focal strictures, for example those related to surgical 
anastomoses. Imaging has the preeminent role in 
obstruction. In acute high-grade obstruction, MDCT 
can define the site, underlying cause, and detect 
complications (Maglinte et al. 1993; Fukuya et al. 
1992; Megibow et al. 1991). Some authors recom- 
mend CT enteroclysis in this setting, with overnight 
drainage to decompress dilated proximal loops and 
infusion of positive contrast to determine whether 
conservative management is likely to succeed (pre- 
dicted by passage of contrast beyond the stricture at 
3 h) (Maglinte et al. 2007). For most workers, this is 
a labour-intensive approach and clinical benefit over 
standard MDCT is unclear in high-grade obstruc- 
tion. Acute MRI examination of the small bowel, to 
detect obstruction, has a role, particularly in patients 
where ionizing radiation exposure is undesirable 
(e.g., pregnancy) (Witherspoon et al. 2009; 
Mckenna et al.2007). 

Low-grade obstruction can be missed with stan- 
dard MDCT, and the distension offered by enterocly- 
sis can reveal adhesions in this context (Rajesh and 
Maglinte 2006et al. 1998). However, functional cine 
MR as part of an MR enterography examination 
depicts physiological peristalsis and normal bowel 
motion within the abdomen, including "visceral 
slide," which is the normal movement of bowel loops 
relative to each other (Lienemann et al. 2000). Fixity 
and lack of peristalsis in a bowel loop indicates adhe- 
sion (Fig. 10.21). However, it is not possible to differ- 
entiate symptomatic from asymptomatic adhesions 
with this technique (Buhmann-Kirchoff et al. 2008), 
and MR enteroclysis may add value in this setting 
(Gourtsoyiannis et al. 2002). Again, research is 
lacking with respect to direct comparison of these 
imaging techniques for low-grade obstruction. 




Fig. 10.21. MR enterography coronal HASTE in patient 
with obstructive symptoms and prior subtotal colectomy for 
Crohn's disease. Sharply angulated small bowel loops, with 
dilatation due to adhesions (arrowheads), but no thickening 
to indicate Crohn's disease 

10.5.6.2 

Radiation Enteritis 

Increasing utilization of high-dose fractionated 
radiotherapy in the curative treatment of pelvic 
malignancies, such as cervical, prostate, and rectal 
cancers, comes at the expense of toxicity. At doses 
over 5,000 mGy, the risk of bowel complications 
increases significantly, with other risk factors for 
bowel injury, including older age and anal excision 
(Miller et al. 1999), presence of adhesions from pre- 
vious surgery, and increasing irradiated small bowel 
volume (Gunnlaugsson et al. 2007). 

Radiation enteritis typically affects the distal ileum 
and is often associated with rectosigmoid involve- 
ment (Palmer and Bush 1976). The rectum is affected 
more frequently than the small bowel in pelvic radio- 
therapy, where proctitis is estimated to occur in 19% 
of cases (Miller et al. 1999). While acute symptoms 
occur soon after treatment and often resolve, chronic 
enteritis manifests 9-24 months, or even longer, after 
treatment, secondary to an obliterative endarteritis. 
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Acute symptoms only progress to chronic enteritis in 
a minority of cases (Miller et al. 1999) with severe 
complications (e.g., fistula or obstruction) presenting 
at a mean interval of 18 months (Libotte et al. 1995). 
Radiotherapy produces mucosal inflammation, 
reduced secretion, and hypomotility of affected seg- 
ments (Macnaughton 2000). Severe complications 
requiring surgical therapy are uncommon, but these 
data may be biased by an understandable reluctance 
to not operate in this context, where surgery is known 
to be very difficult. A review of 14,791 patients receiv- 
ing radiotherapy found that 25 patients required sur- 
gical referral after failure of conservative management. 
Complications included radiation enteritis (60%), 
strictures (53%), fistulae (17%), nonhealing wounds 
(15%), and de novo cancers in irradiated fields (10%) 
(Turina et al. 2008). 

The role of imaging is to diagnose the presence 
and extent of small bowel involvement and compli- 
cations, since the rectosigmoid is easily accessible 
to endoscopy. The choice of modality will be influ- 
enced by patient presentation. In cases with clear 
clinical evidence of high-grade obstruction or sep- 
sis/abscess, MDCT will allow confirmation of site of 
pathology and exclusion of recurrent or metastatic 
malignancy, which is the main concern in this 
patient cohort. In some cases, pelvic MRI or CT/ 
PET may be required where there is a lack of fat 
to provide the intrinsic contrast to allow CT 
characterization. 

Once more, clear evidence of superiority of one 
cross-sectional modality or method of bowel disten- 
sion is lacking. In the elective outpatient setting, a 
wider range of imaging options is available. While 
the distal ileum is the usual disease site due to prox- 
imity to the radiation field, multifocal disease does 
occur and jejunal loops may lie in the pelvis. If surgi- 
cal treatment is planned for obstructive symptoms, 
an accurate roadmap of strictures is highly desirable. 
For this reason, enteroclysis may be appropriate, par- 
ticularly where very short segments are involved or 
where long segments of disease necessitate accurate 
assessment of normal bowel length to predict "short 
bowel" after surgical resection. MRI offers better tis- 
sue contrast than MDCT, which is an advantage in 
patients suffering malabsorption and anorexia due 
to small bowel disease with lack of fat and soft tissue 
edema (Figs. 10.22 and 10.23). Not all patients may 
find enteroclysis acceptable, and so pragmatism is 
necessary. Enterography may offer similar accuracy, 
but hard research data to support this assumption is 
lacking. 



Fig. 10.22. Female patient with intermittent obstructive 
symptoms, 18 months postradical chemoradiotherapy 
forcervical carcinoma. Coronal FISP from MR enterocly- 
sisdemonstrates a single 3 cm non distending stricture of 
the distal ileum (arrows), adjacent to uterus (UT), bladder 
(BL) and caecum (C). Proximal dilatation is consistent with 
subacute obstruction from radiation enteritis 

The main imaging findings are wall thickening 
and edema, stricture and obstruction, deep ulcer- 
ation and fistulation to adjacent organs (Horton 
et al. 1999). The main indicator for the diagnosis is a 
prior history of radiotherapy and abnormality con- 
forming to radiation field. Care is required to exclude 
malignancy, suggested by mass-like thickening, infil- 
tration of adjacent tissues, and nodal enlargement. 

It is clear that WCE should be used with caution in 
this patient group. Capsule retention resulting in 
bowel obstruction is well recognized, due to radia- 
tion-induced stricture (Rogers et al. 2008; Lee et al. 
2004; Lin et al. 2007), and so the role of WCE is prob- 
ably restricted to the assessment for small bowel 
telangectasia (from radiotherapy) in patients with 
occult GI bleeding and a normal cross-sectional 
enteroclysis examination. DBE can access the termi- 
nal ileum for both diagnosis and intervention (Pasha 
et al. 2007), without risk of obstruction, but requires 
bowel cleansing that is unnecessary with radiological 
evaluation. 
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cological symptoms. The gynecological organs are 
most often affected, followed by dependent abdom- 
inopelvic structures, including bowel. While the 
rectosigmoid is the commonest intestinal location 
(85%), the small bowel (7%) cecum and appendix 
(3% each) are recognized sites (Macafee et al. 
1960). The terminal ileum is the most likely small 
bowel location (Melody 1956) and obstruction 
may occur from adhesions, due to recurrent bleed- 
ing, or due to infiltration or annular involvement by 
endometrioma. 

A specific imaging diagnosis can be difficult 
without a suggestive history. A bowel mass with 
stricture may suggest malignancy if blood products 
are not looked for specifically. MR evaluation with 
fat-saturated T1W sequences display characteristic 
high signal in endometriomas due to degrading 
blood products (Del Frate et al. 2006), with addi- 
tional supporting evidence for the diagnosis when 
associated with gynecological findings such as uter- 
ine adenomyosis, endometriotic ovarian cysts, or 
hydro salpinges (Ghattamaneni et al. 2009). While 
the bowel serosa and muscularis are involved, the 
mucosa is usually intact, producing a characteristic 
crennulated appearance on barium studies, that 
cannot be appreciated with other imaging modali- 
ties. One group has evaluated MDCT, supplemented 
with colonic water enema, showing 98.7% sensitiv- 
ity with 100% specificity for bowel involvement 
(Biscaldi et al. 2007). This suggests that bowel dis- 
tension may aid diagnosis, and would be worthy of 
further research. 



Fig. 10.23. Post-radical chemoradiotherapy for cervical carci- 
noma with increasing diarrhoea, (a) Coronal HASTE indicates 
subacute obstruction, (b) Axial T2W TSE sequence shows 
thickening and wall oedema of the distal ileum (arrowheads) 
and rectosigmoid (arrow) lying within the radiation field 
(uterus - asterisk) consistent with radiation enterocolitis 

10.5.6.3 
Endometriosis 

In women of reproductive age, endometriosis is a 
significant cause of pelvic symptoms, including 
cyclical pain,bowel obstruction (Wickramasekera 
et al. 1999) and altered bowel habit, as well as gyne- 



10.6 



Conclusion 

MR of the small bowel offers sensitive and radiation- 
free imaging for a wide range of disorders. While its 
role for some indications remains unclear, and the 
evidence limited, Crohn's disease, Celiac disease, and 
exclusion of malignancy are well-established indica- 
tions, and evidence supporting its use continues to 
accumulate. Integration of radiological and endo- 
scopic evaluation of the small intestine and a bal- 
anced approach, including a thorough understanding 
of the strengths and weaknesses of different tests in a 
particular clinical scenario, are essential to optimize 
patient management and their clinical outcomes. 
While the arguments pitching MR enterography 
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against MR enteroclysis await definitive resolution, 
we can be confident that MR imaging of the small 
bowel will assume the primary role in the diagnosis 
and follow-up of small bowel diseases in the very 
near future. 
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KEY POINTS 



MR of the colon with bowel preparation and disten- 
sion (MR colonography) has gained access into clin- 
ical routine as a diagnostic tool for the evaluation of 
the large bowel. MR colonography can be used as an 
alternative for optical colonoscopy and computed 
tomography colonography, particularly in patients 
with incomplete optical colonoscopy. In addition, 
MR colonography is studied as a screening tool 
combining noninvasiveness and no ionizing radia- 
tion. The lack of ionizing radiation exposition makes 
MR colonography attractive to be used in young 
patients with IBD as well. This chapter focuses on 
technical aspects of MRI of the colon, including MR 
colonography, and the following aspects will be dis- 
cussed: hardware requirements, patient preparation, 
examination proceedings as well as image analysis 
and interpretation. 
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Optical colonoscopy is regarded as the reference 
standard for the assessment of colorectal pathology 
(colorectal neoplasia; bowel wall inflammation) and 
subsequent biopsies. Virtual colonography (virtual 
colonoscopy) has advantages over optical colonos- 
copy as it is less invasive and less burdensome. 
Furthermore, analysis is not limited to the bowel 
itself. Rather, all surrounding abdominal structures 
can be assessed as well. Because of economical ratio- 
nale and higher clinical availability, most strategies 
of colonography have focused on CT colonography 
in the past. Several studies in screening populations 
have demonstrated the potential of CT colonography, 
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but ionizing radiation exposure remains a drawback 
of CT colonography. Thus, MR colonography (MRC) 
has gained increasing interest. In addition to the lack 
of ionizing radiation, MRI allows a high soft tissue 
contrast (Tlw/T2w imaging). Perfusion information 
can be obtained after the intravenous administration 
of gadolinium. This chapter focuses on technical 
aspects of MRI of the colon, including MRC, and the 
following aspects will be discussed: hardware require- 
ments, patient preparation, examination proceedings, 
image analysis and interpretation as well as an over- 
view of typical indications of MRC. Current available 
evidence on results of MRI of the colon, including 
MRC, will be reviewed in Chap 12. 



11.2 



Basics for the Scan: Hardware 

To visualize the entire colon, a large field of view 
(FOV) in z-direction is needed. Usually, an FOV of 
45 cm is sufficient to display the entire cranio-caudal 
length of the large bowel. In particularly large patients, 
an FOV of 45 cm may not be sufficient. In these cases, 
the examination should be split into two blocks, 
namely (a) the upper part of the abdomen, which 
normally includes the distal part of the ascending 
colon, transverse colon, and the proximal part of the 
descending colon and (b) the lower abdomen/pelvis, 
which in case of a normal anatomical setting, com- 
prises the cecal area, the proximal part of the ascend- 
ing colon, distal part of the descending colon, sigmoid, 
and rectum. The following system components have 
to fulfill special requirements for MRI of the colon: 

1. The main magnet with its homogeneity of the 
magnetic field for the complete imaging volume 

2. The gradient system with its linearity for the 
imaging volume 

3. The high frequency (HF) system with its HF-signal 
homogeneity and signal susceptibility for the 
imaging volume 

11.2.1 

Main Magnet 

The magnet of a magnetic resonance scanner used 
for MRI of the colon should feature a high magnetic 
field strength to allocate adequate magnetization and 
guarantee a high signal-to-noise-ratio (SNR) for 



good image quality. Magnets with field strengths 
from IT- preferably 1.5 T - are currently the clinical 
standard and maybe complemented in clinical practice 
by 3 T magnets, as outlined in Sect. 1 1.6. The advantage 
of 1.5 T systems is related to combination of two facts: 
First, short acquisition times of single-shot or gradi- 
ent echo sequences can be achieved, which should not 
exceed 15-20 s as data collection is performed under 
breath-hold conditions. This prerequisite can often not 
be met by a 1 T scanner. Second, image robustness is 
high and prevalence of artifacts is low when 1.5 T sys- 
tems are used, compared with 3 T systems. 

The basic magnetic field should show a high homo- 
geneity for the whole examined volume to ensure 
minor imaging distortion and high signal homogene- 
ity. The FOV should be at least 45 cm in z-direction to 
cover the whole imaging region abdomen/pelvis. A 
cylindrical configuration of the main magnet is con- 
ducive for these requirements and is currently the 
most encountered magnet configuration. 

11.2.2 

Gradient System 

Special needs have to be fulfilled to ensure a high 
spatial resolution during one single breath-hold for 
MRI of the colon 

A rapid slew rate (mT/m/ms) in combination with 
a high gradient amplitude (mT/m) are prerequisites 
for short repetition and echo times (TR and TE). Thus, 
short acquisition times can be coupled with the cover- 
age of a large imaging volume during one single 
breath-hold. In addition, the use of short TR is needed 
to obtain highly Tl -weighted images to guaranty for a 
high contrast display of the contrast-enhanced bowel 
wall after intravenous gadolinium administration. 
Furthermore, short TR and TE times are a prerequisite 
to perform fast imaging with balanced steady-state 
precession sequences (TrueFISP, Balanced Fast Field 
Echo, or FIESTA), which are part of the standard MRC 
protocol. Furthermore, the gradient system should 
deliver a high gradient linearity for a high volume to 
minimize image distortion at the border of the imag- 
ing range. These prerequisites can be best realized 
using a cylindrical configuration of the gradient coil. 

11.2.3 
HF-System 

A homogeneous HF signal reception is important. For 
signal reception, the whole body HF coil integrated in 
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the magnet is limited concerning signal-to-noise ratio 
(SNR). Therefore, a combination of different HF sur- 
face coils should be used. These surface coils receive 
signal from surrounding tissue while detecting only 
noise from a limited area, which leads to a relatively 
high SNR. To cover larger anatomical areas, coil ele- 
ments have to be combined to phased array coils 
(Fig. 11.1). These phased array coils are the basis for 
the application of parallel imaging techniques 
(Griswold et al. 2002). With parallel imaging tech- 
niques, larger anatomical areas can be captured per 
time unit. Alternatively, the spatial resolution can be 
increased for the same acquisition time or a combina- 
tion of both can be applied. Thus, a combination of 
two prerequisites can be accomplished. MR images 
from the entire abdomen and pelvis can be collected 
during one single breath. Furthermore, a high spatial 
resolution of MR images can be achieved and even 
relatively small lesions of the bowel wall (<5mm) can 
be visualized. 



11.3 



Patient Preparation and Prerequisites 

In a first step, general contraindications for MR imag- 
ing like presence of pacemakers, heart defibrillators, 
or other electrical implants have to be excluded. 
Claustrophobia, existence of hip prosthesis, or other 
metal implants are relative contraindications and a 
decision to examine these patients has to be dis- 
cussed in clinical context (Lauenstein 2006). To 
achieve good image quality and to ensure diagnostic 
assessment of the colon, several conditions have to 
be considered, which are described below. 



11.3.1 

Bowel Preparation 

Depending on the clinical indication, patients can be 
subjected to bowel preparation schemes. In case of 
performing MRC, several methods can be applied. 
Each approach has its strengths and weaknesses 
regarding image quality and patient acceptance. 

11.3.1.1 

Bowel Cleansing 

For evaluation of MRC, a large contrast between bowel 
wall and bowel contents is mandatory. Most obvious 
approach is that patients have to undergo bowel pur- 
gation similar to the procedure as applied prior to 
colonoscopy. This process should begin on the after- 
noon before the MR scan. Several different substances 
for bowel cleansing are commercially available (Tan 
and Tjandra 2006). Those can be mainly subdivided 
into polyethylene-glycol-elyte (PEG) solutions and 
sodium phosphate based solutions. Both solutions 
show equal results for bowel cleansing and can be 
used alternatively except for pediatric and elderly 
patients, patients with bowel obstruction, and other 
structural intestinal disorders, gut dysmotility, renal 
failure, congestive heart failure, or liver failure as 
sodium phosphate based solutions are hyperosmolar 
and can lead to electrolyte disturbances. 

When a bowel purgation protocol is used, MRC 
should be performed in the morning to avoid unnec- 
essary patient discomfort. Insufficient bowel cleans- 
ing and presence of residual fecal material may 
result in diagnostic difficulties. Residual stool can 
impede the assessment of the bowel wall and lead to 
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false-negative (if stool masks pathologies) or false- 
positive (if stool mimics pathologies like polyps/ 
masses) findings. In general, this type of bowel prepa- 
ration is widely used in CT colonography and double 
contrast barium enema and has good results with 
regard to cleansing. However, patient acceptance is 
comparable with standard colonoscopy cleansing, the 
most burdensome part of a colonoscopy procedure. 

11.3.1.2 
Fecal Tagging 

Up to 75% of patients undergoing bowel cleansing 
complain about various symptoms related to the 
cleansing procedure (Thomeer et al. 2002). These 
side-effects include symptoms such as "feeling unwell" 
and "the inability to sleep." Therefore, patient accep- 
tance is negatively impacted. Elimination of bowel 
cleansing therefore would theoretically result in a 
higher patient acceptance of MRC. "Fecal tagging" is 
such a concept avoiding bowel purgation (Bielen et al. 
2003; Papanikolaou et al. 2003). Based on the inges- 
tion of contrast compounds to regular meals prior to 
the examination, signal intensity of fecal material is 
modified and adapted to the signal properties of the 
rectal enema. Hence, fecal material becomes "virtually 
invisible." First approaches were based on the inges- 
tion of gadolinium-labeled foodstuff in conjunction 
with a gadolinium-based rectal enema (bright lumen 
MRC). However, this strategy was costly and was given 
up as bright lumen MRC is less utilized nowadays. 

Highly concentrated barium sulfate has been pro- 
posed for fecal tagging in several volunteers and 
patient studies providing diagnostic image quality 
for dark lumen MRC (Lauenstein et al. 2001, 2002). 
Patients were asked to ingest 200 ml of barium sulfate 
(Micropaque, Guerbet) with each main meal within 
48 h prior to the MR scan. On Tlw images, the fecal 
material has a low signal intensity and facilitate eval- 
uation of the bowel wall, with good differentiation 
between the homogeneously "dark" colonic lumen 
and the contrast- enhanced bowel wall. However, it 
has been demonstrated that ingestion of (100 vol%) 
barium-based substances can result in limited patient 
acceptance as well (Goehde et al. 2005). Thus, other 
tagging substances were to be evaluated. Several 
requirements need to be fulfilled: tagging substances 
must mix well with foodstuff and stool, they must 
not be reabsorbed in the GI tract, must alter signal 
characteristics of fecal material adequately, and must 
be easy for the patients to be ingested. 



Another tagging strategy uses a solution contain- 
ing 5% gastrografin, 1% barium, and 0.2% locust 
bean gum. This fecal tagging approach has been 
tested with regard to patient acceptance (Kinner 
et al. 2007). A total of 284 asymptomatic patients have 
been evaluated with this approach. The tagging solu- 
tion (250 cc) was ingested with every main meal 
starting 2 days before the MR examination. MRC was 
performed on a 1.5-T MR system in conjunction with 
a rectal enema of tap water. Ingestion of the tagging 
solution led to a low signal of fecal material on Tlw 
images (Fig. 11.2) and thus allowed a good differen- 
tiation between the dark lumen (filled with tagged 
stool and water) and the bright bowel wall (after i.v. 
gadolinium administration). Optical colonoscopy (in 
conjunction with bowel purgation) was performed 
within 1 month after MRC. Each 24 h following both 
examinations, patient acceptance was assessed based 
on a standardized questionnaire. Patients rated the 
bowel cleansing prior to optical colonoscopy signifi- 
cantly more unpleasant when compared with the 
ingestion of the tagging agent for MRC. 

The question still remains whether fecal tagging 
should always be used for MRC bowel preparation. 




Fig. 11.2. Fifty-four-year- old male patient undergoing MRC 
for colorectal cancer screening. A fecal tagging approach was 
used for bowel preparation. On the gadolinium enhanced Tlw 
images, signal of stool (e.g., in the distal transverse colon; ar- 
rows) is almost as low as the signal of the rectal water enema. 
Thus, the colonic lumen appears homogeneously dark and 
can be easily differentiated from the bright colonic wall 
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We believe that both methods (fecal tagging and 
bowel purgation) have their value. If applied in 
detecting colorectal polyps and colorectal cancer, 
fecal tagging should be preferably applied in screen- 
ing patients (with a low expected prevalence of col- 
orectal lesions). However, bowel purgation should be 
applied for patients with a high-risk profile (e.g., in 
the context of clinical symptoms or patient history). 
Whenever a colorectal mass is seen on MRC, the 
patient can directly undergo colonoscopy for polypec- 
tomy or tissue sampling without the need of an addi- 
tional bowel preparation. 

11.3.2 

Bowel Distention 

Most colonic loops are collapsed under physiological 
conditions. Hence, bowel loops have to be distended 
to differentiate the bowel wall (and pathologic find- 
ings arising from it) from the bowel lumen (Dachman 
et al. 2007). Insufficient bowel distension may result 
in both false-positive and/or false-negative findings: 
unfolded bowel segments may mimic bowel thicken- 
ing leading to a misinterpretation of colonic inflam- 
mation or tumor (Kinner and Lauenstein 2007; 
Rottgen et al. 2003). Even larger masses can be 
missed in nondistended bowel segments. In a study 
by Kay et al. (2000), 2 out of 24 colorectal lesions were 
missed by MRC due to collapsed bowel segments. 
Some centers propose the colon to be imaged with- 
out rectal contrast, for example in conjunction with 
MR enterography or enteroclysis. However, a poor 
distension may harbor the risk of reduced diagnostic 
accuracy. 

The application of different liquid contrast agents 
(water, barium solutions) via a rectal tube or the 
insufflation of air/C0 2 has been proposed to ensure 
adequate bowel distension (Lomas et al. 2001; Ajaj 
et al. 2004). 



11.3.2.1 

Water-Based Distension 
Tap Water 

Most departments use tap water at a comfortable tem- 
perature for bowel distension, because a consistently 
high distension can be achieved, while C0 2 is easily 
reabsorbed in the colon. A further advantage of water 
as a distension medium is related to its biphasic signal 



character. Because of the high T2 signal of water, the 
colonic lumen can be easily differentiated from the 
low-signal bowel wall on T2w images. C0 2 , however, is 
dark on T2w MRI, thereby limiting the value of T2w 
MRC. Usually 1,500 mL of water is administered to 
ensure sufficiently high bowel distension. 

Water-Based Barium Solutions 

Initial strategies of MRC (Lauenstein et al. 2001) 
used barium-based rectal enemas (1% barium sul- 
fate). However, this strategy is not used anymore as 
water-based rectal enemas result in the same signal 
properties and water is less expensive. 

Water/Gadolinium Mixture 

Applying this technique, the colon is filled in prone 
position via a rectal catheter with 1,500-2,000 mL of a 
water-based enema. The water is to be labeled 1:100 
with a gadolinium-containing contrast agent (Luboldt 
et al. 2000). On the Tlw data sets, only the colonic 
lumen containing the enema is bright, whereas all 
other tissues remain low in signal intensity. This "bright 
lumen" technique relies on the visualization of filling 
defects. Bowel wall and enhancement characteristics 
cannot be assessed by using this technique. Another 
negative aspect is the higher cost of gadolinium. 



11.3.2.2 

Other Distension Media 

C0 2 can be alternatively used for colonic distension. 
This approach was introduced by Lomas et al. (2001). 
They examined seven patients with known colonic 
tumors using a C0 2 enema. MRC was evaluated for 
depiction of tumor and adjacent structures using sur- 
gical findings as the reference standard. In all seven 
patients, the tumor was demonstrated, and in four 
patients breach of the muscularis propria was cor- 
rectly predicted. Although a promising tool, this tech- 
nology is only rarely used. The underlying reason is 
the relatively complex technical procedure of C0 2 
insufflation as MRI compatible insufflators have to be 
used. When adjusted for use near an MRI suite, a con- 
stant intracolonic pressure is obtained with such an 
insufflator compensating for colonic absorption, ileo- 
cecal reflux, and incontinence for gas. 
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Air 

The group of Morrin et al. described first the imple- 
mentation of MRC with air insufflation. They could 
prove that MRC using room air was a feasible virtual 
colonoscopy technique. Air distention was well toler- 
ated by patients and resultant images provided ade- 
quate luminal distention and wall conspicuity (Morrin 
etal. 2001). 

Ajaj et al. (2004) compared MRC in conjunction 
room air insufflations to water-based MRC in terms 
of image quality and patient acceptance. No signifi- 
cant differences were seen between the two techniques 
with regard to discomfort levels and image quality. 
The presence of air in the colonic lumen did not result 
in the presence of susceptibility artifacts. Interestingly, 
contrast to noise ratio (CNR) of the contrast-enhanced 
colonic wall as well as bowel distension were superior 
on air-distended 3D data sets. This can be explained 
by the low Tl signal of air, while water (especially 
when mixed with residual fecal material) may show 
an intermediate Tl signal. The better distension of 
MRC with room air can be attributed to the low 
colonic reabsorption of air (in contrast to C0 2 ). 
Authors concluded that MRC can be performed using 
either water or air for colonic distension. Both tech- 
niques permit assessment of the colonic wall and 
identification of colorectal masses. 



Other 

Zhang et al. evaluated in 2007 the feasibility of detection 
of colorectal pathologies with fat enema in MRC using 
Tl -weighted fast spoiled gradient-echo with inversion 
recovery sequence (Zhang et al. 2007). Following the 
placement of a rectal enema tube (Shuangling Medical 
Device, China), fat contrast medium (Kangque; Atai 
medical system, Inner Mongolia, China) was gently 
administrated into the colon at up to 1 m of hydrostatic 
pressure with the patient lying in the prone position. 
The fat contrast medium mainly contained salad oil, 
acacia, menthol, and distilled water. Neoplasms > 1 0 mm 
could be detected correctly while patients tolerated this 
technique well. 



11.3.2.3 

Impact of Spasmolytic Agents 

Spasmolytic agents (e.g., 20 mg scopolamine or 1 mg 
glucagon) should be administered intravenously 
(Rogalla et al. 2005). They provide greater bowel 



distention, obviate bowel spasms, and minimize arti- 
facts caused by bowel motion. In addition, patient 
acceptance of a rectal enema will increase after spas- 
molysis. The administration should be started prior 
to the rectal filling process. As half-life of some spas- 
molytic agents is low, a second injection can be per- 
formed prior to the data acquisition of the Tlw 
gradient echo sequences. 

Glucagon 

Glucagon (GlucaGen, Novo Nordisk Pharma) is a 
polypeptide hormone, which - apart from the effect 
of rising blood glucose levels - can relax smooth mus- 
cles. However, the colon has been found to be least 
sensitive to the effects of glucagon compared with 
other parts of the gastrointestinal tract (Chernish 
and Maglinte 1990; Morrin et al. 2002). Adverse 
reactions rarely occur and present mainly with nau- 
sea, vomiting, and headache. Usage of Glucagon is 
contraindicated in patients with pheochromocytoma, 
insulinoma, poorly controlled diabetes, or a former 
adverse reaction to glucagon. Usually, a dosage of 1 mg 
is intravenously administered. The half-life is short 
ranging from 8 to 18min (http://www.glucagenhy- 
pokit.com/Hypokit_Pi.pdf). 

Butylscopolamine 

Butylscopolamine is also known as scopolamine 
butylbromide and hyoscine butylbromide. It is a qua- 
ternary ammonium compound and a semisynthetic 
derivative of scopolamine with an antimuscarinic, 
anticholinergic effect. The blockade of parasympathic 
ganglia causes relaxation of smooth muscle. While it 
is not FDA approved and therefore not used in the US, 
Butylscopolamine is widely utilized in Europe and 
Asia. In different studies, butylscopolamine has proven 
to be more effective than glucagon in distending 
the colon (Goei et al. 1995; Rogalla et al. 2005). 
Butylscopolamine is contraindicated for patients with 
glaucoma, obstructive uropathy, gastrointestinal tract 
obstruction or ileus, as well as myasthenia gravis and 
unstable cardiac disease. A frequent side effect is 
blurred vision. Furthermore, tachycardia, dry mouth, 
and acute urinary retention can occur. Usually, a dos- 
age of 20 mg is given intravenously. Some authors have 
proposed the intramuscular injection of the substance 
(Wagner et al. 2008). The intravenous administra- 
tion of the substance results in a rapid distribution in 
the whole body. In blood, the half-life time for the 
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substance is only 4min (http://ch.oddb.org/de/gcc/ 
resolve/pointer/ Ifachinfo). Hence, a second injection 
prior to the acquisition of the contrast-enhanced Tlw 
images should be considered. 

11.3.3 

Image Contrast 

A high contrast between bowel lumen and wall is 
crucial to visualize pathologies arising from the 
bowel wall. This can be achieved in two different 
ways either using a dark colonic lumen and bright 
colonic wall or vice versa. The contrast mechanisms 
depend on the sequence types and the applied rectal 
and intravenous contrast media. 



11.3.3.1 

Bright Lumen MRC 

First MRC approaches were implemented using a 
bright lumen technique. The colon is filled with 
2,000 cc of an enema consisting of water labeled 1:100 
with a gadolinium-containing contrast agent. After 
finishing the bowel filling process, a Tlw data set of 
the abdomen encompassing the entire colon is col- 
lected. To compensate for the presence of residual air 
exhibiting no signal within the colon, the data acqui- 
sition needs to be performed in both the prone and 
supine position. On the Tlw data sets, only the colonic 
lumen containing the enema is bright whereas all 
other tissues remain low in signal intensity. Differential 
diagnostic considerations for luminal filling defects 
within the bright colonic lumen include residual air, 
residual fecal material, or a polypoid colonic mass. 
Differentiating aspects for residual air and residual 
stool include the gravity-dependent position, i.e., the 
motion from prone to the supine data set. On the 
other hand, polyps remain largely unchanged in posi- 
tion in both prone and supine data sets. 

Another "bright lumen" MRC technique is based 
on the acquisition of TrueFISP or HASTE sequences. 
Using a rectal water-enema, the contrast mechanism 
is comparable with that of the approach in conjunc- 
tion with a paramagnetic contrast enema and the 
acquisition of Tlw GRE sequences. Again, data acqui- 
sition must be performed in both prone and supine 
position. Main drawback of the bright lumen tech- 
nology remains the limited sensitivity and specificity 
for the detection of colorectal masses: both false- 
positive or false-negative results can be frequently 



seen: polyps with a long stalk may move sufficiently 
to be disregarded as residual stool, while stool adher- 
ent to the colonic wall may not move at all and thus 
falsely impress as a polyp (Lauenstein et al. 2005). 

11.3.3.2 

Dark Lumen MRC 

The detection of colorectal lesions with "bright lumen" 
MRC relies on the visualization of filling defects. "Dark 
lumen" MRC, however, is based on a contrast mecha- 
nism generated between a brightly enhancing colonic 
wall and a homogeneously dark colonic lumen. Instead 
of using a gadolinium enema, only water or air is rec- 
tally applied rendering low-signal on Tl -weighted 3D 
GRE acquisitions. To obtain a bright colonic wall, a 
paramagnetic contrast compound is applied intrave- 
nously. After a first precontrast Tl -weighted 3D gradi- 
ent echo data set, paramagnetic contrast should be 
administered i.v. at a dosage of 0.1-0.2mmol/kg. The 
3D acquisition should be repeated in the coronal plane 
after a delay of 70 and 120 s. We additionally recom- 
mend taking advantage of the contrast injection and 
the relatively long delay before the first contrast- 
enhanced coronal 3D data set. Thus, the liver can be 
imaged in an arterial phase (e.g., after a contrast delay 
of 20 s) using the same sequence. This sequence should 
be additionally collected after 180 s to provide infor- 
mation of an equilibrium contrast phase. This is espe- 
cially important for fibrotic changes of the bowel wall 
(e.g., in patients with CED), which show some form of 
late enhancement. Since residual air exhibits no signal 
in the colonic lumen, the examination has to be 
performed in either prone or supine position. Fur- 
thermore, the "dark lumen" technique copes with the 
problem of residual stool in an easy way: if the lesion 
enhances it is a polyp or carcinoma, if it does not 
enhance it represents stool. Potential colorectal lesions 
have to be analyzed by comparing signal intensities 
on the pre- and postcontrast images. If analysis were 
limited to the postcontrast data set, bright stool could 
be misinterpreted as a polyp. Comparison with the 
precontrast images documents the lack of contrast 
enhancement, which assures the correct diagnosis. 
The use of intravenously administered contrast mate- 
rial significantly improves reader confidence in the 
assessment of bowel wall conspicuity and the ability 
to depict medium-sized polyps in suboptimally pre- 
pared colons. Besides, "dark lumen" MRC permits a 
direct analysis of the bowel wall. This facilitates the 
evaluation of inflammatory changes in patients with 
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IBD. Increased contrast uptake and bowel wall thick- 
ening is an indicator for the degree of inflammation. 
Furthermore, the intravenous application of para- 
magnetic contrast permits a more reliable assessment 
of parenchymal abdominal organs contained within 
the FOV. Particularly, the liver can be accurately evalu- 
ated regarding the presence and type of concomitant 
pathology such as metastatic disease. 



The Scan: Performance of MRC 

Patients have to be informed about the procedure 
and the risks and adverse effects of intravenous con- 
trast administration. An intravenous access should 
be placed in an arm vein prior to the scan. The patient 
has to be placed in lateral position on the scanner 
table. Drapery for potentially leaking distension 
media has to be on the table if tap water or watery 
solutions are used. The radiologist now carefully per- 
forms a rectal examination and subsequently places 
a rectal tube or a Foley catheter in the rectum. The 
patient turns hereafter in prone position. Supine 
position can also be used, as it may be perceived 
more comfortably by the patient and breath-hold 
instructions can be easily met. However, prone posi- 
tion harbors some advantages as the distension may 
be increased (Cronin et al. 2008). 

Two body surface coils for signal reception should 
be used to ensure the coverage of the entire abdomen 



and pelvis. Subsequently, the patient is moved into the 
scanner. The image center should be on the level of 
the kidneys. A localizer sequence is applied to ensure 
full coverage of the colon in craniocaudal direction. 
The application of the rectal enema should only be 
started after i.v. spasmolysis. We propose the use of a 
tap water enema of approximately 1,500-2,000 mL. 
Instillation of the enema should be carried out in 
stages over a 1-min period to reduce discomfort and 
bowel cramping. However, the filling process should 
be stopped if the patient complains about pain or 
abdominal cramps. By means of fast T2-weighted 
sequences (e.g., RARE or FISP sequences), the degree 
of filling can be controlled. 

MRC sequences should be collected during one 
breath-hold. Thus, mainly three sequences are appro- 
priate (Fig. 1 1.3), which constitute our standard proto- 
col: A T2-weighted single-shot-fast-spin-echo (SSFSE) 
sequence with fat saturation in coronal and/or axial 
plane are acquired. These sequences are important to 
depict edema in or adjacent to the bowel wall, to detect 
active inflammation of the bowel wall. Afterwards, the 
acquisition of 2D and/or 3D fast imaging with bal- 
anced steady- state precession sequences in the coronal 
plane should be performed. This sequence should be 
performed without fat saturation as the technique 
allows good visualization not only of the colon but also 
of the mesentery, including mesenteric lymph nodes, 
which can be a helpful indicator of pericolonic inflam- 
mation. Different vendor names are used for this 
sequences type: TrueFISP (Siemens Medical Solution, 
Erlangen, Germany), Balanced Fast Field Echo (Philips 



Fig. 11.3. Sixty-year- old male screening patient. Typical se- 
quences used for MRC: (a) T2-weighted single-shot-fast-spin- 
echo (SSFSE) sequence with fat saturation (bright-lumen 
MRC); (b) fast imaging with steady-state precession (FISP) 



sequence (bright-lumen MRC); (c) Tl-weighted sequences 
(3D gradient echo sequence) before and - as shown here - 
after i.v. gadolinium contrast injection (dark-lumen MRC) 
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Fig. 11.4. Seventy-two- 
year-old male screening 
patient. Motion artifacts 
can hamper image analysis 
in GRE-Tl-w sequences 
due to motion/breathing 
artifacts (a: dark-lumen 
MRC). FISP sequences 
(b: bright-lumen MRC) is 
less sensitive to motion 
is exhibits a more robust 
image quality in this 
patient 



Medical Systems, Best, the Netherlands), or FIESTA 
(GE Medical Systems, Milwaukee, Wisconsin). Images 
are characterized by a mixture of both Tl and T2 con- 
trast, creating a homogeneous bright signal of the 
colonic water-filled lumen. One main advantage of 
True-FISP is its robustness as it is insensitive to motion 
and thus particularly helpful in patients unable to hold 
their breath (Fig. 11.4). 

Finally, dynamic Tl -weighted sequences (3D gra- 
dient echo sequence) should be collected in coronal 
plane. After a first nonenhanced scan, gadolinium 
should be administered intravenously and the 3D 
acquisition should be repeated at several time points 
(see "Butylscopolamine"). After the last coronal scan, 
an additional axial scan for the whole FOV can be per- 
formed. Sequence parameters are shown in Table 11.1. 
Once data collection is finished, the enema is drawn 
back into the enema bag. The rectal tube or catheter is 
removed and the patient can leave the scanner. Mean 
examination time of an MRC amounts to 20-25 min. 



11.5 



After the Scan: Postprocessing and Image 
Analysis 

All data sets should be analyzed on a postprocessing 
or a good PACS workstation. 3D Tl -weighted MR 
data sets before and after contrast administration can 
be viewed in a multiplanar reformation mode. Image 
interpretation should be initially based on contrast- 
enhanced Tl -weighted data sets. If a suspicious 



Table 11.1. Sequence parameters for MR Colonography 





2D T2w 
SSFSE with 
fat saturation 


2D FISP 
without fat 
saturation 


3D Tlw GRE 
with fat 
saturation 


TR (ms) 


1,200 


4.5 


3.1 


TE (ms) 


60 


2.3 


1.3 


Flip (degree) 


90 


60 


10 


Slice 

thickness (mm) 


6 


3 


1.8 


FOV (mm) 


500 


500 


400 


Matrix 


256 


256 


256 



SSFSE steady-state fast spin echo; True-FISP fast imaging with 
steady-state precession; GRE gradient recalled echo; TE echo 
time; TR repetition time; FOV field of view; 2D two-dimen- 
sional; 3D three-dimensional 



colorectal lesion is detected, a comparison with the 
unenhanced scan should be performed to prove con- 
trast uptake of the lesion. Carcinoma and polyps 
always show contrast uptake while stool residu- 
als appear with high signal intensities on unen- 
hanced and enhanced scans. Thus, false -positive 
results can be prevented (Figs. 11.5 and 11.6). Fat- 
saturated T2-weighted sequences will help to differ- 
entiate between active and inactive inflammatory 
processes, as active inflammation shows high signal 
intensity due to edema in or next to the bowel wall 
(Fig. 11.7). If the patient is incompliant, the FISP 
sequence can be of help because of its robustness and 
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Fig. 11.5. Fifty-seven-year-old 
female screening patient. Resid- 
ual stool (arrows) may mimic 
colonic lesions on Tl-weighted 
images after i.v. contrast injec- 
tion (a: dark-lumen MRC). A 
comparison with the precon- 
trast scan (b: dark-lumen MRC) 
reveals lack of enhancement 
and high signal even in the 
noncontrast scan. Thus, fecal 
material can be accurately dif- 
ferentiated from polyps 



Fig. 11.6. Imaging examples 
show a rectal polyp in a 
58-year-old male patient 
undergoing MRC for colorec- 
tal cancer screening. Note the 
contrast enhancement after 
i.v. contrast injection (b: dark- 
lumen MRC) compared with 
the unenhanced scan (a: dark- 
lumen MRC). Thus, a polyp 
(arrows) can be accurately dif- 
ferentiated from stool residuals 



minor sensitivity for motion artifacts (Lauenstein et 
al. 2005). Also, chronic inflammatory processes as well 
as fistulas can be detected with FISP sequences 
(Gourtsoyiannis and Papanikolaou 2005) 
(Fig. 11.8). Additionally, software tools allow for pro- 
cessing 3D data sets to virtually endoscopic interior 
views. While these virtual endoscopic flights are rou- 
tinely used for CT colonoscopy, image analysis of MR 
data should primarily be based on source data. This as 
signal intensity fluctuations hamper 3D fly through. 



11.6 



Particularities of MR of the Colon at 3 T 

Sequence protocols for MR of the colon have to be 
modified for the application at 3 T and cannot be fully 
adopted from 1.5 T (see also Chap. 2) (Merkle et al. 



Fig. 11.7. Twenty- eight-year- old female patient with abdom- 
inal pain and diarrhea. Edema can be depicted in and adja- 
cent to the bowel wall on fat-suppressed T2-weighted images 
(bright-lumen MRC; arrows). This is a sensitive indicator of 
active inflammatory disease 
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Fig. 11.8. Thirty-five-year-old female patient with Crohn's 
disease. FISP images (a: bright-lumen MRC) show fistula be- 
tween the rectum and the uterus (arrow), which can also be 



detected by Tl-weighted GRE sequence after i.v. gadolinium 
injection (b, a: dark-lumen MRC) 



2006). Especially, problems with image artifacts, 
specific absorption rates (SAR) as well as hardware 
requirements have to be considered. At 3 T, the imaging 
signal is theoretically fourfold higher compared with 
that at 1.5 T. However, the signal-to-noise ratio (SNR) 
only doubles as the imaging noise also increases by 
factor of 2. The increased SNR can be used to increase 
spatial resolution or to decrease acquisition times. 

MRC at 3 T is more prone to susceptibility arti- 
facts than at 1.5 T. This is particularly true for the 
border of air and soft tissue. Although in most cases, 
water is used as rectal distension medium, appear- 
ance of residual air bubbles in the colon cannot be 
fully avoided. Thus, this can result in inferior visual- 
ization of colonic segments. 

The specific sequence types have to be adapted to 
the conditions at 3T. For the T2-weighted SSFSE 
sequences, times of repetition (TR) at 1.5 T range 
between 700 and 1,000 ms. Thus, short acquisition 
times can be associated with a satisfactory T2 signal. 
SAR limits the minimal TR at 3T (approximately 
1,500 ms). Therefore, an image is acquired only every 
1.5 s, which makes it impossible to acquire the whole 
colon in one single breath-hold. Additionally, due to 
an intensified T2* effect, more imaging blurring can 
occur. Parallel imaging techniques can present a 
solution for this problem. With the help of parallel 
imaging techniques, the echo train length can be 
shortened, effective echo time (TE) can be decreased 
and allowed for sharper imaging resolution. 

Other problems occur with the application of FISP 
sequences. Banding artifacts occur frequently at the 
edge of the FOV as these sequences are very suscep- 



tible to field inhomogeneities. These artifacts are 
pronounced at 3 T imaging. A solution for this prob- 
lem is to subdivide the acquisition into multiple 
blocks along the z-axis. Hereby repeated centering 
can be performed, which enhances field homogene- 
ity. Furthermore, differences of imaging contrast at 
FISP sequences have to be considered. In general, 
imaging contrast increases with lower TR and TE 
and higher flip angles. Lower flip angles have to be 
chosen at 3 T due to SAR limits. However, banding 
patterns also change at lower flip angles. Therefore, a 
low RF pulse should be applied and lower TR and TE 
can be chosen. To compensate for contrast loss, 
higher slice thicknesses for the FISP sequence at 3 T 
should be used. 

Image quality can be considerably affected by 
alterations of TE for 3D Tl-weighted gradient echo 
sequences at 3 T. Therefore, a high bandwidth should 
be chosen to ensure the use of a low TE. The advantage 
of robust image quality overbalances the reduction of 
SNR. In summary, application of 3D Tl-weighted GRE 
sequences at 3 T are advantageous as a higher SNR can 
be achieved. 
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KEY POINTS 



Magnetic resonance imaging (MRI) has been 
increasingly studied as a diagnostic tool for the 
evaluation of the colon. Without the use of intralu- 
minal colonic distension methods or following 
colonic distension with the use of either positive or 
negative luminal contrast medium (MR colonogra- 
phy), cross-sectional images can be acquired of the 
entire abdomen. Subsequent evaluation of the com- 
plete colonic wall can be executed using multipla- 
nar reformations of the source data set with optional 
three dimensional (3D) rendering, in the case of a 
MR colonography data set. Although most investi- 
gators primarily focused on the ability of detecting 
colorectal polyps and masses using MR colonogra- 
phy, a wide spectrum of colorectal disorders can be 
evaluated by utilizing MRI to examine the colon. 

Until now, no consensus has been reached 
regarding the technique and optimal bowel prepa- 
ration of MR colonography. Current evidence sug- 
gests that MR colonography has sufficient accuracy 
for detecting colorectal cancer and clinical signifi- 
cant polyps. Efforts are made to replace rectal ene- 
mas by gaseous distension as in CT colonography, 
which may improve acceptance of MR colonogra- 
phy. The wide ranges of fecal tagging schemes give 
the possibility of limited bowel preparation in MR 
colonography. In addition, MR has a potential role 
in determining disease activity in inflammatory 
bowel disease of the colon and in incomplete 
colonoscopy. 
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12.1 



Introduction 

Radiological evaluation of the colon using MR imag- 
ing, has been increasingly applied over the last decade. 
Advances in MR technology, particularly the advent of 
faster Tl pulse sequences, resulted in reduced physio- 
logical artifacts and consequently facilitate bowel 
imaging and assessment. Although the examination 
can be performed without or with the rectal adminis- 
tration of a luminal contrast medium (MR colonogra- 
phy), most of the available literature reports on MR 
colonography. Yet it should be remembered that this 
selection primarily depends on the type of clinical 
indication, together with available expertise in this 
field. 

When applying colonic distension, MRI offers a 
method for colon imaging comparable to computed 
tomography (CT) colonography. This method is con- 
sidered to optimize MRI evaluation and results in - 
when compared to colonoscopy - a minimally 
invasive tool for evaluating the entire colon, permit- 
ting multiplanar imaging, and potentially enables 
three-dimensional (3D) rendering during postpro- 
cessing. Additionally, it provides information of the 
extra colonic organs which are not visible during 
colonoscopy. Advantage of MR colonography over 
CT colonography is the lack of the use of ionizing 
radiation and the high inherent soft tissue contrast, 
which allows the use of a wide range of "fecal tag- 
ging" regimes for bowel preparation. Whereas colonic 
distension in CT colonography typically entails the 
rectal administration of carbon dioxide or air, in MR 
colonography colonic distension is often acquired 
with the administration of a water-based enema and 
only few studies have reported on the usage of gas- 
eous agents for colonic distension. 

Since the introduction of MR colonography 
(Luboldt et al. 1997), research in this field is mainly 
focused at outlining its role in the detection of col- 
orectal masses and subsequently describe the future 
potentials of this modality in screening for colorectal 
carcinoma (CRC) as it has proved to be accurate in 
detecting clinical relevant precursors of CRC (Zijta 
et al. 2009). However, the clinical indications for per- 
forming MR colonography reach beyond this and 
cover indications that are applied for both colonos- 
copy and CT colonography. 

As outlined in Chap. 11, a variety of acquisition 
methods are described to perform MR colonography, 
but to date none of the different approaches have 



been shown to be superior. Regardless of the applied 
technique, prerequisite is a well distended colon, 
which is either cleansed or homogenously tagged, to 
permit an adequate assessment in an MR colonogra- 
phy setting. 

This chapter presents an overview of the results of 
MR imaging of the large bowel on the basis of cur- 
rent evidence from literature at the moment of writ- 
ing (June 2009). In the first part of this chapter, the 
diagnostic value of the techniques will be discussed 
for various clinical indications. The second part of 
the chapter will concern the patient's acceptance of 
the various techniques, as applied in MR colonogra- 
phy. Finally, future potentials and recommendations 
will be outlined. 



12.2 



When to Perform MR of the Large Bowel 

The indications for performing MRI of the colon 
merely cover the indications that are applied for 
colonoscopy and/or CT colonography and can there- 
fore include the diagnostic assessment of the colorec- 
tum of symptomatic patients for CRC, the colorectal 
assessment of asymptomatic individuals who are at 
average or increased risk for CRC, clinical staging eval- 
uation in patients with CRC, assessment of colorectal 
involvement in patients with recognized or suspected 
inflammatory bowel disease (IBD), the evaluation of 
patients with incomplete or failed colonoscopy, and 
the evaluation of patients with suspected diverticular 
disease (DD) and acute colonic diverticulitis. 



12.3 



Detection of Precursors 
of Colorectal Cancer 

In many western countries, colorectal cancer (CRC) is 
presently one of the leading causes of death from can- 
cer in both men and women. If the disease is diag- 
nosed in a localized stage, the 5 -year survival is high. 
However, the 5 -year survival rate drops to less than 
10% if distant metastases are present (O'connell 
et al. 2004). 

Primary goals of CRC screening are to reduce both 
morbidity and mortality through a reduction in the inci- 
dence of the advanced staged disease and prevention of 
CRC by removal of benign precursors (adenomas). In 
screening for colonic cancer different techniques 
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exists, of which fecal occult blood test (FOBT), double- 
contrast barium enema (DCBE), sigmoidoscopy, and 
colonoscopy are practicable techniques and more 
recently CT colonography was added to the list of CRC 
screening techniques of the American Cancer Society 
(Levin et al. 2008). Prospective randomized trials 
have demonstrated significant mortality reduction 
with FOBT screening. This as FOBT screening leads 
to earlier detection of invasive disease and removal of 
adenomatous polyps (Mandel et al. 2000). 



12.3.1 

Intermediate and Large Polyps 

Histologically, colorectal polyps can be divided into 
adenomatous and hyperplastic in which adenoma- 
tous polyps comprise nearly two-third of all colorec- 
tal polyps. According to the adenoma-carcinoma 
sequence, adenomatous polyps have the potential to 
progress to CRC. 

The potential risk for developing CRC from col- 
orectal adenomas is related to both size and histology. 
Colonography enables the detection and size estima- 
tion of colorectal polyps and can therefore trigger 
future polypectomy at colonoscopy. Importantly, no 
histological distinction can be applied using colonog- 
raphy and size remains the most important criterion 
to estimate the potential to evolve into malignancy. 
Therefore, it is essential to define the potential CRC 
risk associated with each polyp size category, before 
data on MR colonography polyp detection rates (see 
Sects. 12.4.1 and 12.4.2) can be interpreted in their 
clinical context. 

Irrespective of histology, colorectal polyps can be 
stratified into three generally accepted size thresh- 
olds, reflecting the potential risk to contain or prog- 
ress into cancer. Large polyps are defined as polyps 
with a size of 10 mm or larger (>10mm) and a recent 
study demonstrated carcinoma in 2.6% and advanced 
histology in 30.6% of all polyps >10mm. Of the 13 
992 asymptomatic patients who underwent colonos- 
copy, malignancy was demonstrated in 0.2% of the 
intermediate polyps (6-9 mm), and the likelihood 
that polyps smaller than 5 mm ("diminutive" lesions) 
harbored malignancy was less than 0.1% (Lieberman 
et al. 2008). 

A recently published simulation, which has inher- 
ent limitations, estimated the associated risk for a 
large colorectal adenomatous polyp (>10mm) to 
evolve into CRC, as approximately 1 6% in 1 0 years. The 
estimated risk potential for intermediate (6-9 mm) 



and diminutive lesions is substantially smaller (0.7 
and 0.08%, respectively) (Pickhardt et al. 2008). 
Histological features that have been associated with 
a higher risk for CRC include high-grade of dysplasia 
(HGD) and villous element (Winawer and Zauber 
2002). Neoplasia can, therefore, be classified into 
"advanced" (i.e., adenocarcinoma and advanced ade- 
nomas: all adenomas >10mm, adenomas with HGD 
or containing villous element (>25%) ) and therefore 
clinically significant, or "not advanced." 

General guidelines regarding relevance of lesion 
size for colonography are presented by the recently 
published consensus proposal for CT colonography. 
These recommendations propose that patients with 
polyps >10mm as found with colonography, should 
be referred for polypectomy at colonoscopy. In addi- 
tion, patients with intermediate polyps (6-9 mm) 
should either be referred for colonoscopy or undergo 
CT colonography on a custom bases (Zalis et al. 
2005). Though, in daily practice frequently a more 
stringent approach is applied, resulting in the removal 
of any polyp >6mm during colonoscopy. Small pol- 
yps (<5 mm) are considered clinically not important, 
because of their very low risk for development of 
CRC. Recommendations have been proposed con- 
cerning data reporting in colonography, which 
encompasses the presentation of outcomes regarding 
different polyp size categories and additional data 
for histological subset analyses (Halligan et al. 
2005). 

Finally, an overall subdivision can be applied into 
(1) symptomatic patients for CRC (e.g., abdominal 
pain, changing bowel habits, rectal bleeding, and ane- 
mia) with recognized symptoms for CRC, (2) asymp- 
tomatic subjects at increased risk for CRC (e.g., family 
history of familial adenomatous polyposis (FAP), first 
degree relative with CRC, personal and/or family his- 
tory of CRC, or polyps, IBD), and (3) asymptomatic 
subject at average risk for CRC (age >50 years). The 
latter is considered a screening population with a 
relatively low prevalence of disease. 



12.3.2 

Image Interpretation 

Proper colonic distension is the key element for ade- 
quate visualization of colorectal polyps and cancers. 
Inferior distension or segmental collapse will ulti- 
mately lead to false-positive and false-negative find- 
ings. This as the observer is not optimal able to detect 
lesions that may intrude into the colonic lumen, and 
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otherwise a segment that is collapsed may simulate 
pathological bowel wall thickening. 

Similar to CT colonography, in MR colonography 
the postprocedural display techniques for detecting 
colorectal polyps and masses recognize two principles 
and is performed on a postprocessing workstation 
with dedicated software. Firstly, two-dimensional (2D) 
data sets will be evaluated using a 2D method, which 
facilitates the evaluation of both the colon and extra- 
colonic organs. 3D data sets can be evaluated two- 
dimensionally in each orthogonal anatomical plane 
(i.e., transverse, sagittal, and coronal), using multipla- 
nar reformation (MPR). When a colorectal lesion is 
detected, the reviewer is able to score the localization 
and morphological features of the abnormality. 
Subsequently, colorectal lesions can be measured and 
classified into three predefined polyp categories (Zalis 
et al. 2005). Again, polyps <6 mm can be ignored in this 
setting, as the likelihood for the presence of advanced 
neoplasia is extremely low (Pickhardt et al. 2008). 
Most MR colonography studies report the solitary use 
of MPR data set interpretation. 

An additional principle of data evaluation entails 
the application of virtual colonoscopy in which the 
MR colonography dataset is used to construct a 3D 
rendering. However, technical limitations hamper 
the application of this method in MR colonography, 
which is widely applied in CT colonography, whereas 
in CT colonography this endoluminal view is typi- 
cally based on data thresholding, high variation in 
signal value precludes such a straightforward 
approach for MRI data. These fluctuations in MRI 
signal might originate both from global (e.g., dis- 
tance to the antenna) as well as from local effects 
(inhomogeneities in bowel content), and are difficult 
to overcome. Nonetheless, several authors report on 
the use of a 3D surface rendering during review and 
can be used for problem solving (Lauenstein et al. 
2002, 2005; Kuehle et al. 2007). 

12.3.3 

High-Prevalence Population 
12.3.3.1 

Bright Lumen Strategy 

In the late 1990s and early 2000s, several investigators 
identified MR colonography as a potential diagnostic 
method for the detection of colorectal polyps and can- 
cer in symptomatic patients and patients at increased 
risk for CRC (Luboldt et al. 1998, Lauenstein et al. 



2001). Initial research was performed with the use 
of bright lumen MR colonography in which the 
colonic lumen appears hyperintense on Tl -weighted 
sequences by the rectal administration of a gadolin- 
ium based enema, as outlined in Chap. 1 1 (Fig. 12.1). 

Among the first prospective studies using bright 
lumen MR colonography was a paper by Luboldt 
et al., who reported a high sensitivity (93%) and a 
high specificity (99%) for detecting patients with 
large colorectal lesions (>10mm). 1.5 T MR colonog- 
raphy was compared with colonoscopy in 1 17 symp- 
tomatic patients referred for colonoscopy, using a 
rectal enema that contained 3 L of water and 60 mL of 
0.5mol/L Magnevist (gadopentetate dimeglumine). 
However, a moderate sensitivity was demonstrated 
(75%) when a cut-off value of 7 mm was applied 
(Luboldt et al. 2000). Pappalardo and colleagues 
studied 70 patients at increased risk for CRC, who 
underwent LOT MR colonography using a compa- 
rable bright lumen approach. High diagnostic out- 
comes were found (sensitivity 96% and specificity 
93%) for detecting patients with polyps of all sizes 
(Pappalardo et al. 2000). In this study, 125 endolu- 
minal lesions were found in 54 patients of which 94 
lesions were >10mm in size. 

These results demonstrated the ability of MR 
colonography to detect colorectal lesions exceeding 
the size of 10 mm with acceptable diagnostic accu- 
racy. This encouraged study groups to investigate 
MR colonography as alternative diagnostic tool in 
this field, particularly the value of this modality in 
detecting intermediate polyps (6-9 mm). 

While earlier studies typically used the bright 
lumen variant with promising outcomes, currently 
the dark lumen method is mostly applied (see Sect. 
12.3.3.2). This change in acquisition method, how- 
ever, was initially more based on practical reasons 
(costs of contrast agent) than on extensive series. 
Some research was performed on different type of 
MR colonography regimes by Florie et al., who dem- 
onstrated diagnostic yield for the bright lumen strat- 
egy (Florie et al. 2007c). In this study, three different 
MR colonography strategies, which consisted of two 
dark lumen (water-based and air-based colonic dis- 
tension) and one bright lumen strategy with fecal 
tagging as bowel preparation (see Sect. 12.3.3.2), were 
compared. Forty-five subjects at increased risk for 
CRC were subjected to both MR colonography and 
colonoscopy. While the diagnostic confidence of both 
the bright lumen and dark lumen strategy using air 
for colonic distension was rated best by two indepen- 
dent observers, patient acceptance in the bright 
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Fig. 12.1. (a) Tl-weighted 3D coronal fast field echo (FFE) 
image of a 56-year-old patient with suspicion of a hyper- 
plastic polyposis syndrome. MR colonography visualized 
a hypo-intense lesion which protrudes into the "bright" 
colonic lumen (arrow), in the distal part of the transverse 
colon. Suspicious of a pedunculated polyp, (b) The presence 



of a lesion is also confirmed at an axial T2-weighted two- 
dimensional (2D) fast spin echo (FSE) image, with rela- 
tive high signal intensity on this sequence (arrow), (c) The 
presence of a 15-mm pedunculated polyp was confirmed at 
colonoscopy. Histology analysis confirmed the diagnosis of 
a hyperplastic polyp 



lumen method proved less burdensome as compared 
to the other two dark lumen strategies. The latter was 
mainly due to the better tolerance of the bowel prep- 
aration method, which is outlined in Sect. 12.7.1. 

In a further prospective study in 200 patients at 
increased risk for CRC, bright lumen MR colonogra- 
phy using gadolinium/water mixture for colonic dis- 
tension, was compared to findings with colonoscopy 
(Florie et al. 2007b). Results in this study showed 
only moderate sensitivity in detecting patients with 
polyps >10mm (75%). Specificity for these clinical 
significant polyps was 93%; however, a high number 



of false-positive findings reduced specificity for polyps 
>6mm to 67%. The latter was mostly related to both 
air pockets and motion artifacts. This study was per- 
formed in primarily high-risk patients for CRC who 
took part in a surveillance program. Interestingly, the 
prevalence of patients with polyps >10mm in this 
cohort who underwent colonoscopy surveillance was 
only 6%, which might have influenced test outcome. 

Another prospective study, conducted in 120 
symptomatic patients and patients at increased risk, 
using the "bright lumen" approach with standard 
bowel preparation, showed adequate detection rates 
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for patients with present polyps or lesions with any 
size. Forty-seven of 56 patients with colonoscopically 
confirmed colorectal lesions, were correctly identi- 
fied to have lesions using bright lumen MR colonog- 
raphy, and 94% of lesions >10mm were depicted 
(Saar et al. 2007). Additionally, MR colonography 
was able to detect all seven CRCs. 

Limitations in these studies concern the technical 
ability of the used technique to correctly identify flat 
polyps/adenomas and small polyps, which is also 
frequently reported in CT colonography in surveil- 
lance populations (Van Gelder et al. 2004, Jensch 
et al. 2008). But more importantly, small air pockets 
and nontagged fecal residue are reported as a con- 
stant source of false positive findings in recent bright 
lumen MR colonography studies (Fig. 12.2). 




Fig. 12.2. (a) Supine Tl-weighted 3D axial FFE image of an 
84-year-old male with multiple polyps in the right colon. 
"Bright lumen" MR colonography visualized a lesion in the 
proximal aspect of the transverse colon (arrow) and a le- 
sion in the ascending colon (open arrow). Several air filled 
areas are present which might lead to false negative findings 
in this position (curved arrows), (b) The polyps are also vi- 
sualized on the corresponding axial T2w 2D FSE image in 



12.3.3.2 

Dark Lumen Strategy 

The first published article on the use of dark lumen 
MR colonography appeared in 2001 and suggested 
promising results regarding diagnostic accuracy, 
acquisition time, and review time. Initially following 
a standard preparation for bowel cleansing, a water 
enema was used which consisted of the rectal admin- 
istration of 3,000 mL of warm tap water followed by 
a pre- and post-(IV)contrast Tl-weighted 3D gradi- 
ent echo data acquisition (Lauenstein et al. 2001a). 
The use of water results in a homogenously low sig- 
nal throughout the colonic lumen at Tl-weighted 
sequences and allows depiction of enhancing abnor- 
malities originating from the colonic wall after 



b 




supine position, which show relative high signal on this se- 
quence (arrows). Hydronefrosis of the right kidney (curved 
open arrow), (c) Corresponding prone Tlw 3D axial FFE image 
shows the somewhat elongated polyp on the anterior aspect 
of the transverse colon (arrow) (d) Colonoscopy confirmed 
the presence of a pedunculated 10 mm polyp in the proximal 
aspect of the transverse colon. Also the polyp in the ascending 
colon was confirmed at colonoscopy (not shown) 
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Fig. 12.3. Dark lumen MR colonography using 3DT1 turbo 
field echo (TFE) sequence with additional fat saturation. Se- 
quential parameters: TR/TE = 4.6/2.2 ms; FOV = 420mm; 
FA = 10; slice thickness = 3 mm. (a) Sixty-year- old male 
patient who presented with weight loss and rectal bleeding. 
MR colonography visualized the presence of a 5-6-cm large 
intraluminal, enhancing tumor just above the recto-sigmoid 
junction (arrows) (images by Dr. Achiam, Herlev, Denmark) 




Fig. 12.4. A fifty-eight-year-old male who presented with 
fatigue and changed bowel habits. Dark lumen MR colonog- 
raphy visualized an enhancing lesion in the sigmoid colon 
(arrow). The presence of a 12-mm polyp was confirmed at 
colonoscopy (images by Dr. Achiam, Herlev, Denmark) 



the intravenous administration of contrast agent 
(Figs. 12.3-12.5). 

As the increase in signal-to-noise ratio (SNR) is 
significant between pre- and postcontrast series, this 
technique will in theory leads to better diagnostic 
accuracy. Interestingly, three of twelve patients 
included in this study underwent additional bright 
lumen MR colonography in a further session, which 
in turn resulted in two false-positive findings in one 
patient. On the contrary in dark lumen MR imaging 
no false-negative findings were reported. 

Studies specifically evaluating the value of dark 
lumen MR colonography, using standardized bowel 
cleansing and water-based enema for colonic bowel 
distension, have been conducted. In one study, 122 
subjects underwent MR colonography prior to 
colonoscopy. Adequate colonic distension and the 
absence of significant disturbing artifacts resulted in 
a high diagnostic confidence in practically all 
acquired examinations. All nine carcinomas and 89% 
(16/18) of all intermediate polyps (5-10 mm) and 
100% (2/2) of polyps >10mm at colonoscopy were 



detected with MR colonography performed in prone 
position (Ajaj et al. 2003). 

A more recent prospective study by Hartmann 
et al. found comparable results for the detection of 
intermediate, large adenomatous polyps and CRCs 
(84, 100 and 100%, respectively). Ninety- two patients 
underwent both dark lumen colonography and 
colonoscopy, using standard bowel preparation and 
colonic distension method (Hartmann et al. 2006). 
Yet, these studies have reported on populations that 
are characterized with a relatively high prevalence of 
colorectal polyps and malignancy and the results, 
therefore, apply to these populations only. Feasibility 
of this technique is far from established and prospec- 
tive studies with predefined endpoints are necessary 
to validate its use. 

So far only few studies focused on the use of gas- 
eous agents for colonic distension, which subse- 
quently results in a dark appearing colonic lumen at 
both Tl -weighted and T2-weighted sequences. For 
this purpose, both room air and carbon dioxide (C0 2 ) 
are applicable agents (Fig. 12.6). 
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Fig. 1 2.5. MR colonography in a patient with incomplete en- was found in the proximal part of the ascending colon (arrows). 

doscopy due to an elongated colon, (a) Coronal 3DT1 -weighted (b) True FISP sequence of the same patient, showing a bright 

sequence with additional fat saturation after administration of lumen appearance with evident filling defect at the level of the 

intravenous contrast agent. A circumferential enhancing tumor tumor (arrows) (images by Dr. Kinner, Essen, Germany) 



If comparing these two entities, diffusion through 
the bowel wall favors the application of C0 2 as this 
ultimatelyleads to better patient acceptance (Sumanac 
et al. 2002). Overall, the gas insufflation is considered 
less burdensome for patients if compared to a water- 
enema (see Sect. 12.8.2). Additionally, gas distension is 
thought to allow better colonic distension, yet this 
assumption has not been established in MR colonog- 
raphy (Rodriguez Gomez et al. 2008). 

In a study of 156 patients at average and increased 
risk of CRC, MR colonography correctly depicted 
only four out of 31 colorectal polyps of any size, 
which resulted in poor overall diagnostic outcomes. 
In this study room, air was manually inflated for 
luminal distension and was compared with colonos- 
copy findings. Factors that negatively affected MR 
colonography performance included physiological 
artifacts, moderate colonic distension, and the pres- 
ence of fecal residue (Leung et al. 2004), whereas C0 2 
for colonic distension is now standard in CT colonog- 
raphy (Taylor et al. 2007), in MR colonography it 
has been reported once in a series of six patients with 
known CRC (Lomas et al. 2001). Although the 
included population in this study was small, the 
results are encouraging. 



12.3.3.3 
Fecal Tagging 

As previously outlined, one of the key elements for 
performing MR colonography is an optimal differen- 
tiation between bowel wall and lumen. To correctly 
identify colonic wall-related pathology, adequate 
cleansing, or homogenous tagging of residual feces 
of the bowel is essential. In most earlier studies, a 
standardized polyethylene glycol electrolyte lavage 
solution was orally administrated for proper cleans- 
ing, which goes together with abdominal discomfort 
and nausea, and eventually leads to limited patient 
acceptance and compliance. 

Fecal tagging refers to the labeling of the fecal 
residue and is similar to the method as applied in CT 
colonography. The administration of an oral-tagging 
agent results in either low or high signal intensity of 
the bowel in MR colonography, with a better differ- 
entiation between bowel wall and bowel content, and 
ultimately less false -positive findings as result. 
Importantly, this enables the use of a limited bowel 
preparation regime and thus obviates cathartic prep- 
aration (Weishaupt et al. 1999, Lauenstein et al. 
2002). Fecal tagging can be implemented in bright 
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Fig. 1 2.6. MR colonography after the automatic insufflation of 
carbon-dioxide (C0 2 ) in a normal volunteer, results in an op- 
timal distension in all colonic segments. The lumen shows 
a low signal on both 2D T2-weighted (a) and 3D Tl -weighted 



(b) sequences, without the presence of disturbing artifacts. 
Both shown images allow an adequate differentiation between 
the colonic lumen and colonic wall, even without the adminis- 
tration of an intravenous paramagnetic contrast agent 



lumen and dark lumen techniques and was evaluated 
both on diagnostic outcomes and patient acceptance. 
The latter is outlined in Sect. 12.8. 

Lauenstein et al. proposed a concentrated bar- 
ium sulfate contrast agent for fecal tagging, which 
resulted in a homogenously low signal intensity 
of the colonic lumen, and additionally high contrast- 
to-noise ratios were measured following to the 
intravenous administration of Tl -shortening para- 
magnetic contrast agent. Twenty-four symptomatic 
patients were included in this prospective study, 
presenting with only mild symptoms. MR colonog- 
raphy demonstrated a high sensitivity (91%) for 
detecting patients with any sized colorectal lesions 
and the absence of false-positive findings resulted in 
an excellent specificity. Though these study results 
were substantially biased by the high prevalence 
of large abnormalities as >90% of the colorectal 



lesions consisted of polyps >8mm and carcinomas 
(Lauenstein et al. 2002). 

Initial optimism regarding the barium-based fecal 
tagging approach was tempered by a study reported 
by Goehde et al, who stopped inclusion of patients in 
a study owing to inferior MR performance. The diag- 
nostic performance was mainly affected by the high 
signal intensity of fecal residue throughout the colon 
on the Tl -weighted sequences, which hampered reli- 
able polyp detection in one out of every five included 
patients. This is reflected in the low sensitivity of 
lesions >10mm (50%) (Goehde et al. 2005). 

Adjusting the barium-based fecal tagging protocol 
thereby reducing the amount of barium sulfate and add 
ferumoxsil (GastroMark®,Lumirem®) has been reported 
to improve patient acceptance (see Sect. 12.8.1). This 
preparation technique was compared with colonos- 
copy in 56 patients. For intermediate and large polyps, 
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MR colonography had a sensitivity of 86% and 81%, 
respectively. The results improved if these were calcu- 
lated on a per patient bases, resulting in a high sensitiv- 
ity (100%) and specificity (91.4%) for depicting patients 
with polyps >10mm (Achiam et al. 2008a). 

In summary, diagnostic outcomes in studies using 
barium sulfate-based fecal tagging method vary con- 
siderably and are therefore difficult to interpret. This 
emphasizes the necessity to further investigate and 
optimize this approach. 



12.3.4 

Low Prevalence Population 
12.3.4.1 

Screening MR Colonography 

Even though most investigators evaluated MR colonog- 
raphy in relatively high prevalence populations, to 
date one study solely has evaluated MR colonography 
in a screening population. In this single center pro- 
spective study, dark lumen MR colonography without 
bowel cleansing was compared to colonoscopy in an 
asymptomatic average risk population of 315 sub- 
jects (Kuehle et al. 2007). The overall prevalence of 
patients with polyps >10mm within this population 
was 6.3% (20/315). In this study, fecal tagging was 
applied using a modified barium-based solution (5% 
Gastrografin/1% barium/0.2% locust bean gum). 
Sensitivity for the detection of patients with polyps 
>10mm and patients with intermediate polyps 
(5- 10 mm) was 70% and 60%, respectively. The sensi- 
tivity of MR colonography for the detection of patients 
with adenomatous polyps at least 10 mm in diameter 
was 87% and 81% for patients with intermediate pol- 
yps. Specificity for polyps > 1 0 mm and polyps 5-10 mm 
was 100 and 98% respectively. Recently published data 
of a multicenter CT colonography screening study 
(Johnson et al. 2008), reported a comparable sensitiv- 
ity in identifying asymptomatic patients with ade- 
nomas with a size of 10 mm or more and 6 mm in size 
or more (90% and 78%, respectively). 

Evidence on MR colonography in screening is very 
limited, and only concerns the aforementioned single 
center study. Current limited evidence, the lack of an 
established technique, the costs and rather limited 
access make MR colonography at the moment of writ- 
ing less suited for screening. Still the use of nonioniz- 
ing radiation and the wide range of possible limited 
bowel preparation schemes make MR colonography a 
potential diagnostic alternative to CT colonography. 



12.4 



Colorectal Cancer (CRC) 
12.4.1 

Clinical Staging 

In a clinical setting abdominal MR imaging is often 
used in the pretreatment staging of patients with 
identified CRC, as it is able to accurately predict the 
degree of tumor infiltration (T-stage) together with a 
potential superior visualization of hepatic metasta- 
ses (Cant well et al. 2008). However the vast major- 
ity of the available literature focus on the most distal 
colonic segment, since about 40-50% of CRCs are 
located in the rectum. This subject will be covered in 
detail in Chap. 13 on MRI of the rectum. 

With regard to peritumoral nodal metastasis in 
the context of CRC, it is important to consider the 
potential difficulties to depict malignancy within 
normal sized lymph-nodes. This seems particularly 
applicable for colon cancer, probably due to the more 
complex distribution of pericolonic lymph nodes as 
compared to the relatively fixed perirectal lymph 
nodes (Low et al. 2003). 

Yet new MR techniques are emerging to improve 
evaluation of preoperative TNM staging and the post- 
operative follow-up of CRC. The application of ultras- 
mall superparamagnetic iron oxide particles (USPIO), 
which is a nanoparticle contrast medium, is increas- 
ingly evaluated as potential MR lymphographic agent 
for the assessment of nodal involvement (Koh et al. 
2009). Furthermore, the usefulness of diffusion- 
weighted imaging (DWI) for preoperative clinical 
staging for CRC is currently investigated with promis- 
ing results (Shinya et al. 2009). Consequently, evidence 
of recent developments is at the time of writing rather 
limited and future research will demonstrate whether 
these approaches will gain benefit in clinical staging 
for CRC. 



12.5 



Inflammatory Bowel Disease (IBD) 
12.5.1 

MRI of the Colon in Inflammatory 
Bowel Disease (IBD) 

Gastrointestinal endoscopy (gastroscopy,ileocolonos- 
copy, and double balloon enteroscopy) with biopsy is 
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Fig. 12.7. A forty-two -year- old female patient with CD of the 
terminal ileum and colon underwent routine MR enterogra- 
phy, without the use of a rectal enema, (a) Coronal postcon- 
trast Tl-weighted MRI showed wall thickening, stenosis, and 
increased enhancement at the terminal ileum and more dis- 
tally in the cecum and proximal part of the ascending colon 
(arrows). Additional bowel wall thickening and increased 
bowel wall enhancement is seen at the proximal descending 
colon over a length of 5 cm (small arrows), (b) Circumferential 




bowel wall thickening with increased enhancement at the 
ileocecal area, with evident infiltration of the right pericolic 
area (long arrow). No pericolic infiltration is present at the 
left pericolic area (small arrow), (c) In the transverse colon, 
stenosis over a length of 4 cm is observed within an area 
of circumferential bowel wall thickening and pathological 
bowel wall enhancement (small arrows). Colonoscopy re- 
vealed ulcerative stenotic lesions in the descending colon, 
which prevented a complete examination of the colon 



the primary tool, used to make the diagnosis of IBD 
in patients with clinical suspicion for the disease. 
Importantly, to date there is no radiological surrogate 
for this combined initial endoscopic evaluation and 
histological diagnosis. Nonetheless, some findings of 
IBD cannot be evaluated using endoscopy. 

MRI has the potential to display both the gastro- 
intestinal tract and the extra-luminal structures with 
substantial anatomical detail. Therefore, it can pro- 
vide valuable information which is not appreciated 
using endoscopy, i.e. intramural changes and extra- 
luminal abnormalities including abscesses. Therefore, 
MRI studies are currently considered to be an adjunct 
to gastrointestinal endoscopy. As previously outlined 
in Chaps. 8, 9, and 10, MRI has emerged as diagnostic 
technique to assess the small bowel for disease activ- 
ity in patients with suspected IBD. 

This section elucidates the role of MRI for the 
assessment of IBD in the large bowel. Both data on MR 
imaging of the colon in IBD patients with and without 
the use of a rectal enema are available. In this section, 
we will concentrate on reports in which no colonic 
luminal distension method was applied, frequently 
this will comprise studies diagnosing IBD or studies 
evaluating disease activity of the terminal ileum and 
colon during MR enteroclysis or MR enterography. 
Criteria used for subjective and objective disease 
assessment in IBD patients using MRI of the bowel in 
different approaches, entails bowel wall enhancement, 
bowel wall thickness, presence of stenosis, ulceration, 
cobblestoning, target sign, extra enteric findings, 
lymphadenopathy, and increased vascularization. 



In early studies, high sensitivities were reported 
for differentiating type and severity of IBD. Without 
reported use of bowel preparation methods and the 
solely use of intravenous contrast medium, the 
authors concluded a comparable diagnostic accuracy 
of MRI as compared to endoscopy (Shoenut et al. 
1994). More recent studies, evaluating the colon with- 
out rectal administrated distension, tend to support 
(Florie et al. 2005) or decline these findings (Durno 
et al. 2000). In a recent meta-analysis, Horsthuis et al. 
determined the accuracy of MRI in evaluating disease 
activity. Six of the seven studies examined both the 
small and large bowel, and in only two included stud- 
ies a water-based enema was applied. MRI correctly 
graded 91% of frank disease and 62% of patients with 
mild disease or in remission (Horsthuis et al. 2009). 
These data suggest MRI is an potential effective 
method even without the administration of intra- 
luminal colonic contrast agent (Fig. 12.7). 

12.5.2 

MR Colonography in IBD 

Bowel distension has proved to be a key element for 
MR imaging in small bowel diseases although the 
required level of distension is debated (see Chaps. 
7, 8, and 9). Most likely this will apply to the diag- 
nostic value of MRI of the large bowel as well (Koh 
et al. 2001). Effectively, the additional administration 
of a rectal enema in MR enterography has proved 
advantageous, leading to better colonic distension 
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and higher diagnostic accuracy in both the colon and 
ileocecal area (Ajaj et al. 2005a) (Fig. 12.8). 

To date, only limited scientific data is reported on 
the diagnostic role of MR colonography in the assess- 
ment of colonic involvement in IBD, primarily ulcer- 
ative colitis (UC) and Crohn's disease (CD). Conclusions 
and recommendations brought up by the different 
investigators diverge. Important advantage of MR 
colonography to CT colonography or routine barium 
enema is the lack of use of nonionizing radiation. This 
is especially important in young patients in their repro- 
ductive age requiring repeated evaluations over time 
for evaluation of their disease activity, which in IBD is 
often the case ( Jaffe et al. 2007). Similar to MR colonog- 
raphy, only a few studies report on the performance of 
CT colonography in IBD. 

Two research groups from Germany independently 
investigated whether the extent of inflammatory activ- 
ity could be assessed with MR colonography using 
colonoscopy as the reference standard. Schreyer et al. 
used a bright lumen MR colonography approach 
with full bowel preparation, enrolling 22 consecu- 
tive patients with highly suspected or known IBD 



(Schreyer et al. 2005b). In this study, patients had bowel 
preparation with a gadolinium/water enema for luminal 
distension and additional intravenous administration of 
gadolinium. Bowel wall contrast enhancement and bowel 
wall thickening were used as MRI features of inflam- 
mation. Based on these features a three-point scale was 
used to assess inflammation, with 0 = no inflamma- 
tion and 2 = inflammation for each colonic segment 
and terminal ileum. A poor sensitivity in detecting 
segmental inflammation in CD patients (31.6%) and 
only moderate (58.8%) sensitivity for identifying seg- 
mental inflammation in UC patients were found in the 
154 totally evaluated bowel segments. 

One of the limitations is the usage of a bright lumen 
approach which reduces differentiation between 
hyperintense colonic lumen and enhanced colonic 
bowel wall. Though this alone will not explain the con- 
siderable difference in reported results and associated 
conclusions, as the same group applied dark lumen 
MR colonography in another study with only slight 
improvement in overall segmental inflammation detec- 
tion (Schreyer et al. 2005c). Other factors such as that 
active inflammation is characterized by superficial 




Fig. 12.8. Patient with known ulcerative colitis, (a) 3DTlw 
image after intravenous contrast injection, with hypo intense 
colonic lumen and uniform slight enhancement of the co- 
lonic wall. Altered anatomical appearance of the transverse 
colon, however no signs of active inflammation, (b) Balanced 



steady-state free precession (true FISP) sequence after the 
rectal administration of a water based enema, resulting in 
a hyper-intense appearance of the colonic lumen. Evident 
loss of the normal anatomical folding in the transverse colon 
(arrows) (images by Dr. Kinner, Essen, Germany) 
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inflammation rather than by bowel wall thickening, 
might contribute to this relatively low correlation. 

These findings were in sharp contrast with a study 
in which 15 healthy volunteers and 23 patients with 
known IBD affecting the colon were subjected to dark 
lumen MR colonography and colonoscopy (Ajaj et al. 
2005c). A comparable study design and determinants 
of inflammation were used. The authors in this study 
concluded that MR colonography can be regarded as 
a possible alternative to endoscopy, with a high sen- 




Fig. 12.9. Young patient with CD presented with acute 
abdominal pain, (a) Coronal 3DTlw sequence showed path- 
ological bowel wall thickening and increased bowel wall 
enhancement after the administration of intravenous con- 
trast, which is suspected of active inflammation (arrows). Fat 
infiltration is seen around the right hemicolon. (b) Balanced 



sitivity (87%) in identifying segmental IBD changes. 
However, some remarks should be placed relating to 
the methodological set-up, as only the colonic segments 
that endoscopically appeared inflamed were biopsied, 
potentially leading to bias (Gasche et al. 2005). Based 
on these results, the diagnostic value of MRI for non- 
affected intestinal segments cannot be determined. 
Therefore, the results do not define a clear picture of 
the possibilities and limitations of MRI in detecting 
disease activity in IBD (Fig. 12.9). 




steady-state free precession (true FISP) sequence demon- 
strates the high signal intensity colonic lumen and thickened 
wall of the ascending colon (images by Dr. Kinner, Essen, 
Germany) (arrow), (c) In the axial plane, the pathological 
changes results in a circumferential bowel wall thickening 
with increased enhancement 
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More recently, investigators studied MR colonog- 
raphy for quantification of IBD. Langhorst et al. have 
prospectively compared the performance of MR 
colonography with colonoscopy, using increased 
bowel wall contrast enhancement, bowel wall thick- 
ening, presence of mesenterial lymph nodes and the 
absence of the normal haustral pattern as MRI fea- 
tures of active inflammation. (Langhorst et al. 
2007). Twenty-nine patients with IBD were included 
and bowel preparation for MR colonography entailed 
barium-based fecal tagging. MR colonography dem- 
onstrated an overall sensitivity and specificity of 32% 
and 88%, respectively. This was combined with a 
poor patient acceptance for the applied fecal-tagging 
method (see Sect. 12.7.1). 

For predicting disease activity in IBD by the evalu- 
ation of bowel wall enhancement, other authors chose 
to measure bowel wall contrast enhancement on the 
Tl -weighted 3D SPGR and compare pre- and post- 
contrast sequences (Rotggen et al. 2006). Significant 
statistical correlation was shown with the colono- 
scopic findings. For the evaluation of quantitative 
determinants of colonic inflammation, other authors 
retrospectively used a similar method to quantify sig- 
nal intensity index and used a bowel wall thickness 
index (BWTI) to measure bowel wall thickness. BWTI 
was defined as mean wall thickness to luminal diam- 
eter in correspondent colonic segment, to compen- 
sate for insufficient distension (Ergen et al. 2008). 
Unfortunately, these quantitative parameters demon- 
strated moderate sensitivity (63%) and adequate 
specificity (80%) in this cohort of 37 patients with 
suspected or known IBD. In both studies, bowel wall 
attenuation was subjectively assessed, in the absence 
of predefined criteria. 

Recently, Rimola and colleagues demonstrated 
that MR enterography in combination with a water- 
based enema is adequately able to assess disease 
activity in patients with established CD (Rimola 
et al. 2009). It should be noted that a potential contri- 
bution to the reported high diagnostic accuracy 
might be the use of a 3.0-T MR unit which allows 
improvement of spatial resolution if compared to 
lower magnetic field strength units (i.e., 1.5 T) 

Although current evidence suggest adequate accu- 
racy in evaluating disease activity in established IBD 
patients, so far the role of MRI in the initial diagnosis 
of those with suspected IBD and the additional dif- 
ferentiation between UC and CD has not been defined 
yet. Given the present role of MR in small bowel CD, 
there might be a similar role for MR colonography in 
colonic IBD. Though available research studying MR 



imaging of the large bowel with colonoscopy, and in 
particular MR colonography, is limited and therefore 
warrants further research to define its position. 



12.6 



Diverticular Disease and Acute 
Colonic Diverticulitis 

The algorithm for the diagnosis of acute colonic diver- 
ticulitis, primarily includes patient history and the 
physical examination. However, to exclude potential 
other causes of an acute abdomen and/or to confirm 
the diagnosis of acute diverticulitis, radiologic evalua- 
tion of the abdomen is generally accepted. This radio- 
logic evaluation mostly includes routine abdominal 
and chest radiographs, although this has very limited 
value (Lameris et al. 2009). Both ultrasound (US) and 
CT with administration of i.v. contrast medium are 
valuable in these patients (Rao et al. 1998;Ambrosetti 
et al. 2002; Lameris et al. 2008). CT, however, gives sig- 
nificant more information on alternative diagnoses. 
New evidence has indicated that a strategy with initial 
ultrasound and CT in negative or inconclusive US 
cases, is the best approach (Lameris et al. 2009). 

Major impetus to evaluate the role of MRI in the 
diagnosis of acute colonic diverticulitis is the lack of 
ionizing radiation as compared to CT. Furthermore, 
the superior soft tissue resolution permits adequate 
visualization of the region of interest, and is able 
to detect complications of diverticulitis (e.g. free 
abdominal fluid, abscess formation, and fistulas) 
(Buckley et al. 2007). Moreover, optimal differentia- 
tion facilitates the exclusion of other potential diag- 
noses of an acute abdomen (see Chap. 17). To compete, 
MRI should therefore prove to have comparable diag- 
nostic accuracy as found with CT in the detection of 
patients with acute colonic diverticulitis. 

In a recent prospective evaluation, authors have 
proposed that MRI should primarily be implemented 
in all patients with suspected acute diverticulitis 
(Heverhagen et al. 2008). In this study, 55 patients 
with clinical suspected diverticulitis underwent 
routine abdominal MRI without the use of a luminal 
distension method, with high sensitivity (94%) and 
specificity (88%) for the diagnosis of acute diverti- 
culitis. 

Only a few studies have evaluated the potential role 
of MR colonography in this acute clinical entity. Schreyer 
et al. reported a similar depiction of diverticulosis and 
inflammatory bowel changes, if compared to contrast 
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enhanced CT. Conventional CT was considered as the 
reference standard in this prospective study and was 
performed prior to MR colonography. To prevent 
complications during the rectal enema, patients were 
excluded from the study if a perforation was suspected 
on CT. 3D rendering allowed surgical planning and 
therefore substituted the necessitate for an additional 
barium enema (Schreyer et al. 2004) (Fig. 12.10). 

In 40 patients with suspected, known and/or a his- 
tory of sigmoid diverticulitis and without clinical 
suspicion of perforation, Ajaj et al. reported high 
sensitivity and specificity (86% respectively 92%) for 
detecting diverticular disease and active inflamma- 
tory changes. In this study, water-based dark lumen 
MR colonography was compared to colonoscopy as 
the reference standard. The authors concluded that 
MR colonography can be regarded as accurate in the 
detection of colonic diverticulitis, although MR 
colonography was not accurate in distinguishing 
diverticulitis from invasive colorectal malignancy 
(Ajaj et al. 2005d). 

In these two MR studies, the presence of colonic 
diverticula and secondary signs of inflammation (i.e., 
enlarged lymph nodes, mesenteric infiltration, bowel 
wall contrast enhancement, and bowel wall thickening) 
were assessed. These are similar determinants as used 
in CT for the evaluation of acute diverticulitis (Goh 
et al. 2007). Nonetheless, CT enables therapeutical 



options, allowing direct drainage of abscesses in severe 
diverticulitis, which can be regarded as important 
advantages of this modality. As seen in the diagnostic 
assessment of IBD, MRI can be used as diagnostic tool 
in identifying patients with active inflammatory 
changes. The role of MRI in the acute abdomen is 
increasing, but not clearly defined except for appendi- 
citis (Stoker 2008). The value of an additional water- 
based enema is questionable as this will hamper patient 
acceptance and increases examination time as com- 
pared to standard radiologic techniques. Readers are 
referred to Chap. 17 for more detail on MRI in acute 
gastrointestinal diseases. 



12.7 



Incomplete Colonoscopy 

Colonoscopy is reported to be inadequate or incom- 
plete in up to 19% of patients (Dafnis et al. 2005), the 
reasons for initial colonoscopy failure include patient 
discomfort, colonic elongation, abdominal adhesions, 
and inadequate bowel preparation. Although incom- 
plete colonoscopy can occur in any patient group, 
reported series in MR colonography concern patients 
with symptoms of CRC. Presently, CT- colonography 
has replaced double contrast barium enema (DCBE) to 
evaluate the proximal colon in patients with symptoms 
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of CRC (Martinez et al. 2005; Macari et al. 1999; 
Neri et al. 2002). Hartmann et al. proposed dark 
lumen water-based MR colonography in 32 patients 
with symptoms for CRC and an incomplete colonos- 
copy. In this study, MR colonography correctly identi- 
fied and located all high-grade stenosis and 
demonstrated two metastases, peritoneal dissemina- 
tion and nine polyps (>7mm), which were located in 
the proximal colon (Hartmann et al. 2005). 

In 37 patients with incomplete colonoscopy, includ- 
ing 2 1 patients with high grade stenosis and 1 6 patients 
due to patient discomfort and colonic elongation, Ajaj 
et al. found two lesions suspected for carcinoma, five 
polyps and four segments suspected of being affected 
by colitis (Ajaj et al. 2005b). However, the latter was 
not confirmed with a follow-up colonoscopy or per- 
operative findings, which concerns a substantial limi- 
tation to this study. 

Similarly to CT colonography, MR colonography 
permits a complete evaluation of the colon and 
enables additional extra colonic evaluation. If the 
diagnostic accuracy in detecting colorectal pathol- 
ogy of both modalities proves to be comparable, then 
there will be preference for the modality without the 
use of ionizing radiation. In particular, in young 
patients with IBD who have failed colonoscopy. 



12.8 



Patient Acceptance in MR Colonography 

Several investigators have focused on the degree of 
comfort, acceptance, and future preferences of MR 
colonography, if compared to conventional colonoscopy. 
Here we focus on two aspects of the examination, 
namely patient acceptance regarding bowel prepara- 
tion and colonic distension. 

12.8.1 

Bowel Preparation 

As previously outlined, one prerequisite for a high- 
quality MR colonography is a clean or homogenously 
tagged colon. This as residual feces can both conceal 
and simulate bowel wall pathology, which potentially 
leads to false-negative and false-positive findings. In 
the earlier studies, patient preparation for MR 
colonography was similar to the bowel preparation as 
applied for conventional colonoscopy. This ultimately 
could influence future preferences for this modality, 
since bowel purgation is rated as one of the most 



unpleasant parts during conventional colonoscopy. 
With the introduction of fecal tagging in MR colonog- 
raphy, a method was described that obviated the 
application of a complete bowel cleansing approach. 

Since 1999, several fecal tagging strategies have 
been evaluated, for both bright lumen and dark lumen 
approaches (Weishaupt et al. 1999; Lauenstein 
et al. 2001b). Initial approach in dark lumen MR 
colonography, as reported by Lauenstein et al, was 
the oral administration of 200 mL barium-based con- 
trast agent with each meal, starting 36 h for the exam- 
ination and proved feasible. In this study, patient 
acceptance was thought to improve; however, this 
was not thoroughly investigated (Lauenstein et al. 
2001b). From the same research group, Goehde et al. 
used a comparable bowel preparation strategy, which 
consisted of the administration of 150 mL barium - 
sulfate in six consecutive oral intakes. Opposite con- 
clusions were drawn from this study as this technical 
approach resulted in only moderate diagnostic accu- 
racy, poor image quality in approximately 20% of the 
MR examinations, moreover the total MR colonogra- 
phy examination was graded more uncomfortable as 
conventional colonoscopy. The barium intake was 
graded as most disturbing factor (Goehde et al. 
2005). The taste of barium sulfate is generally consid- 
ered unpleasant, and especially the viscous texture 
might lead to some degree of discomfort. Adjustments 
in this barium-sulfate regime have been reported. 
Adding ferumoxsil (GastroMark®, Lumirem®) and 
reducing the amount of barium sulfate results in 
improved patient acceptance of the bowel prepara- 
tion (Achiam et al. 2008b). 

A modified barium-based fecal-tagging protocol - 
consisting of 5% Gastrografine, 1% barium and 0.2% 
locust bean gum - has been described by a research 
group in two different studies. In 29 patients with IBD, 
this fecal tagging preparation was rated significantly 
less bothersome than bowel purgation (Langhorst 
et al. 2007). However, overall patient acceptance, based 
on preparation protocol and examination procedures, 
was in favor of colonoscopy. Patient acceptance of MR 
colonography in a screening population was reported 
for a series of 248 patients using the modified barium 
fecal tagging regime with colonoscopy as the refer- 
ence standard (Kinner et al. 2007). Important con- 
clusions in this study entailed the comparable patient 
acceptance of MR colonography and colonoscopy and 
the comparable future patient preferences for MR 
colonography and colonoscopy. A better patient 
acceptance than colonoscopy would be a major factor 
favoring MR colonography for screening. Given the 
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wide range of possible limited bowel strategies for 
MR colonography, efforts should be made to study 
regimes with a lower burden to be applied for 
screening. 

A prospective study was performed comparing 
three different fecal tagging strategies with respect to 
image quality and patient acceptance in a series of 45 
patients at increased risk (surveillance) (Florie et al. 
2007c). The study was executed using two dark lumen 
approaches with barium-based (3 x 200 mL) fecal 
tagging strategy and one bright lumen approach with 
gadolinium (3 x lOmL) as oral tagging agent, in 
combination with a low-fiber diet. The bright lumen 
strategy resulted in better outcomes regarding the 
diagnostic confidence and acceptance of bowel prep- 
aration and, therefore, this protocol was used in the 
following trial in which MR colonography was pre- 
ferred above conventional colonoscopy (Florie et al. 
2007d). Experience from 209 patients regarding 
bowel preparation and the overall procedure were 
rated better directly after finishing the examinations, 
and 5 weeks after both examinations. 



12.8.2 

Colonic Distension 

Another important aspect which influence patient 
acceptance is colonic distension method. A frequently 
used method for colonic distension is the adminis- 
tration of a water-based enema, which mostly con- 
sists of warm tap water (dark lumen) or gadolinium/ 
water mixture (bright lumen). However, enemas are 
relative uncomfortable. Insufflation of gas for colonic 
distension most likely leads to less patient burden, as 
is common practice in CT- colonography. However, 
initial studies did not use gas because of substantial 
susceptibility artifacts at gas soft tissue interfaces 
and movement artifacts. Improved techniques with 
data acquisition with short echo times has enabled 
the performance of MR colonography without 
important susceptibility artifacts and/ or movement 
artifacts. Considering these factors, gas-based dis- 
tension methods are evaluated to improve image 
quality and patient acceptance in MR colonography. 

In a single prospective experience in 165 individu- 
als at both high risk and average risk for CRC, no sig- 
nificant differences in discomfort was found between 
MR colonography using air for colonic distension and 
colonoscopy with identical bowel preparation (Leung 
et al. 2003). However interestingly a significant pro- 
portion of the individuals preferred colonoscopy to 



MR colonography. The authors suggest that this find- 
ing might be related to the fact that all individuals 
received sedation during colonoscopy and the exami- 
nation time was shorter for colonoscopy. 

Other authors used air-based MR colonography 
to compare feasibility and patients acceptance with 
both water-based colonic distension and colonos- 
copy in a randomized study, studying five volunteers 
and 50 patients at high risk for CRC with similar 
bowel preparation technique (Ajaj et al. 2004). Water- 
based and air-based colonic distensions were rated 
comparable, regarding the degree of discomfort. This 
is in contrast with studies evaluating patient accep- 
tance in CT colonography and DCBE (Gluecker 
et al. 2003). These results indicate a better tolerance 
of air-based colonic distension. 

Another feasible way to improve patient acceptance 
might be a combined fecal tagging strategy and air- 
based colonic distension. However, comparable patient 
acceptance with the water-based alternative and sig- 
nificant better examination tolerance compared to 
colonoscopy, was combined with inferior image qual- 
ity of air-based MR colonography (Gomez et al. 2008). 

Considering patient acceptance, the potential bet- 
ter tolerance of using air for colonic distension 
instead of a water-based enema has not been evi- 
dently demonstrated in MR colonography literature. 
Moreover, so far there is no available evidence on the 
patient acceptance of C0 2 in MR colonography, the 
colonic distension method frequently applied in CT 
colonography. 



12.9 



Conclusion 

MR imaging of the colon can be applied for a wide 
spectrum of indications. The current available evi- 
dence, however, is rather limited, and therefore its 
role for detecting different types of colonic disorders 
is far from established. Whereas additional adminis- 
tration of a rectal enema seems legitimated for 
improving detection of colorectal polyps, the benefi- 
cial effect for other indications, i.e., acute diverticuli- 
tis and in particular IBD, remains unclear. 

To date most of the MR colonography research is 
aimed at the detection of (precursors of) CRC. Although 
no consensus has been reached regarding important 
elements of the exam, current evidence suggests suffi- 
cient accuracy in detecting clinical significant polyps. 
Yet at this point we are far from the implementation of 
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an established diagnostic tool, such as presently 
observed in CT colonography for screening. 

Nonetheless, the increasing availability of higher 
magnetic field-strength MR units allows better image 
quality and ultimately leads to improving accuracy in 
the assessment of the colon. The wide range of lim- 
ited bowel preparation regimes gives ample opportu- 
nity to find a bowel preparation with very limited 
discomfort. Together with novice developments, i.e., 
the implementation of DWI, MR lymphography and 
molecular imaging, MRI of the colon may gain a 
prominent role in the radiological evaluation of IBD 
and patients at risk for CRC. 
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KEY POINTS 



MRI of the rectum primarily concerns MRI in rectal 
cancer. The primary goal of accurate imaging stag- 
ing of rectal cancer is to identify the risk factors for 
local recurrence in order to offer patients a tailored 
treatment, based on their individual risk profile. 
The role of the radiologist has thus emerged from a 
report only to a full consulting role as sparring part- 
ner of the treating clinicians in the multidisciplinary 
team, where he can influence the treatment choice 
based on his imaging findings. Patients with small, 
low-risk tumors are most accurately selected with 
endorectal ultrasound. For evaluation of the larger 
tumors and the circumferential resection margins, 
MRI is the optimal imaging technique. At present, 
no imaging technique is reliable for determining 
the nodal status. Restaging of rectal cancer after 
neoadjuvant treatment is becoming a more relevant 
issue, since further tailoring of treatment is increas- 
ingly being considered after neoadjuvant treatment. 
The main problem after chemoradiation is the dis- 
crimination of residual tumor in areas of fibrotic 
scar tissue. New imaging techniques combining 
anatomical and functional data require further 
investigation to solve these issues. 



13.1 



Introduction/Clinical Background 

Colorectal cancer is the third most common cancer in 
men (after prostate and lung cancer) and the second 
most common cancer in women (after breast cancer). 
Rectal cancer comprises approximately 20% of all 
colorectal cancers. In the United Kingdom (UK), the 
incidence of rectal cancer in 2005 was 8,361 in males 
and 5,657 in females. The age-adjusted death rate was 
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23.7 per 100,000 males and 12.8 per 100,000 females 
(UK cancer research, website accessed 14 April 09). In 
the United States, an incidence of 148,810 in 2008 was 
estimated and the age-adjusted death rate from 2001 
to 2005 was 50.6 per 100,000 (National Cancer Insti- 
tute United States, website accessed 14 June 09). 

The etiology of rectal cancer is still unclear, but is 
probably multifactorial. Environmental factors such 
as diet, smoking, obesity, but also age, inflammatory 
bowel disease, and genetic factors are believed to be 
associated with the development of rectal cancer. 
Patients usually present with rectal bleeding or 
changed bowel habits. At colonoscopy, a rectal tumor 
is found and biopsies are taken. If the diagnosis of rec- 
tal cancer is confirmed, the patient's risk profile is 
evaluated in a multidisciplinary team (MDT) meeting 
and the most optimal treatment strategy is chosen in 
consensus by the MDT members. An MDT for colorec- 
tal cancer generally consists of a surgeon, a radiation 
oncologist, a medical oncologist, a pathologist and a 
radiologist. The role of the radiologist has changed 
from a report only role to a full consulting one. The 
radiologist has become a full sparring partner in the 
disease management team. The primary goal of accu- 
rate imaging staging of rectal cancer is to identify risk 
factors for local recurrence (and/or distant metasta- 
ses). So, the role of the radiologist with the introduc- 
tion of neoadjuvant treatment in rectal cancer patients 
has become an important one: he can influence the 
treatment choice based on his imaging findings. 

The main concern after rectal cancer surgery is the 
high local recurrence rate reported to vary between 
<10 and 41%. Local recurrences are mainly caused by 
incomplete surgical resection (Quirke et al. 1986). 
With the introduction of the "total mesorectal exci- 
sion" (TME), local recurrence rates have dropped to 
less than 10% in some specialized centers (Heald 
and Ryall 1986). With this TME technique, the whole 
mesorectal compartment that is the rectum with the 
surrounding fat and lymph nodes is resected along 
the mesorectal fascia (MRF) (Fig. 13.1). 

The Swedish Rectal Cancer Trial (1997) found that 
preoperative 5 x 5 Gy in clinically resectable tumors 
resulted in a decrease of 58% of the local recurrence 
rate in the irradiated group when compared with the 
surgery only arm, with minimal 5 years of follow-up. 
Sauer et al. (2004) conducted a randomized con- 
trolled trial comparing preoperative chemoradia- 
tion with postoperative chemoradiation for locally 
advanced rectal cancer. Patients who underwent pre- 
operative chemoradiation had a significantly lower 
risk for local recurrence than patients who underwent 




Fig. 13.1. Anterior view of a TME specimen. The entire 
mesorectal compartment is removed with sharp dissection 
along the mesorectal fascia. D indicates the distal and P the 
proximal resection margin. The peritoneal reflection is visu- 
alized on the anterior side (arrowheads) 

postoperative treatment (6% vs. 13%) at a median 
follow-up of 45.8 months. A randomized controlled 
trial that evaluated preoperative radiotherapy for clin- 
ically resectable rectal cancer versus postoperative 
chemoradiation for patients with involved circum- 
ferential resection margins at pathologic examina- 
tion has recently reported 5 year local recurrence 
rates of 11.5% for the postoperative chemoradiation 
group when compared with 4.7% for the preoperative 
radiotherapy group (p < 0.0001) (Sebag-Montefiore 
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et al. 2009). From these studies, we learned that preop- 
erative radiotherapy is more effective than a postop- 
erative regimen for reducing the overall local 
recurrence rate, although survival benefit was only 
seen with the Scandinavian trial. 

A Dutch TME trial compared TME only with pre- 
operative 5 x 5Gy + TME and found a significant 
reduction of the risk for local recurrence from 26 to 
9% in the preoperative 5 x 5 Gy arm when compared 
with the surgery only arm. Therefore, even with 
improved surgery such as TME, preoperative radio- 
therapy is still beneficial for overall reduction of local 
recurrence rates. However, from the results we also 
learned that there were subgroups with different risks 
for local recurrences. Patients with stage I disease (Tl- 
2N0) did not benefit from radiotherapy, because they 
were already at low risk for local recurrences, whereas 
patients with malignant nodes (TxN+ , stage III) ben- 
efited most from radiotherapy, although these stage III 
patients still had a relatively high recurrence rate 
despite the preoperative 5 x 5 Gy (1 1.2%). More inten- 
sive neoadjuvant treatment such as long course preop- 
erative radiotherapy with concurrent chemotherapy 
could be considered for improvement of local control 
in these high-risk stage III rectal cancer patients 
(Kapiteijn et al. 2001; Sauer et al. 2004). 

Thus, different risk groups for local recurrences 
exist. Present day modern imaging techniques are 
known to accurately select these groups: (1) the low- 
risk group (T1-2N0) with small tumors that are con- 
fined to the bowel wall (Fig. 13.2), (2) the 
intermediate-risk group (T3N0) with larger tumors 
and free circumferential resection margins (CRM) 
(Fig. 13.3), and (3) the high-risk group (T3-4Nx) with 
locally advanced tumors, that threaten or involve the 
CRM (Fig. 13.4), or TxN2 tumors with involved nodes 
(Fig. 13.5). Staging is generally performed with EUS 
and/or MRI for local staging and with ultrasound of 
the liver plus chest X-ray or CT of the liver and chest 
for distant staging. 

In this chapter, the emphasis will be on local staging 
of rectal cancer with MRI. A baseline state-of-the-art 
MR rectal protocol is given (Table 13.1). The MRI- 
anatomy of the rectum, MR image evaluation of T-stage, 
N-stage, and CRM involvement will be addressed. A 
separate section will address the issue of restaging of 
locally advanced rectal tumors after neoadjuvant treat- 
ment. Finally, the role of CT, EUS, and PET-CT and 
future perspectives for imaging of rectal cancer will 
be discussed. In addition, other diseases of the rectum, 
for which MRI has proven to be beneficial-fistulas 
and endometriosis-will briefly be addressed. 




Fig. 1 3.2. Sagittal T2-weighted FSE image of a male patient with 
a low-risk rectal tumor stratified for immediate TME. There is 
a polypoid tumor mass in the mid rectum (white arrow) arising 
from the dorsal rectal wall. The tumor is surrounded by a hypoin- 
tense line, suggesting a tumor limited to the bowel wall (black 
arrowheads), which was confirmed at histologic evaluation 



4 



Fig. 13.3. Sagittal T2W FSE image of a male patient with an 
intermediate risk rectal tumor stratified for a short course 
of 5 x 5Gy + TME. There is a tumor in the mid-rectum. On 
the anterior side the rectal wall is not sharply delineated, 
suggesting a T3 tumor with ingrowth in the mesorectal 
fat. A wide margin is observed between the tumor and the 
mesorectal fascia (double arrow). Histologic evaluation con- 
firmed a T3 tumor with wide margins 



208 D. M. J. Lambregts, M. Maas and R. G. H. Beets-Tan 




Fig. 13.4. Sagittal T2W FSE image of a female patient with 
a high-risk rectal tumor stratified for long course chemora- 
diation. There is a bulky rectal tumor located in the mid- 
rectum that grows through the mesorectal fascia anteriorly 
and invades the uterus (arrows) and vagina 




Fig. 13.5. Sagittal T2W FSE image of a male patient with a 
high-risk rectal tumor stratified for long course chemoradia- 
tion. There is a bulky T3 tumor in the distal and mid-rectum. 
At the distal tumor margin, there is a close or involved resec- 
tion margin, both at the anterior and posterior site (white 
arrows). Note the suspicious lymph nodes in the presacral 
region (black arrowheads) 



13.2 



Standard MR Protocol for Rectal 
Cancer Staging 

MRI using new generation external phased array coils 
has improved signal-to-noise ratio and generates high 
spatial and contrast resolution images. Phased array 
MRI has become the standard MR technique for state- 
of-the-art staging of rectal cancer, except in the selec- 
tion of the very superficial T1N0 tumors, where EUS 
still plays the main role. MRI using an endorectal coil, 
although as accurate as EUS for assessment of tumor 
ingrowth in the bowel wall, has not really gained 
worldwide acceptance because of several reasons. 
First of all, an endorectal staging technique is mainly 
performed for selection of superficial tumors for local 
excision instead of TME. This selection in many cen- 
ters is performed during the first visit of the patient at 
the MDT clinics and EUS-guided biopsies are often 
taken at the same time. The endorectal MRI would 
therefore be a cost-inefficient surplus exam to the 
standard EUS for selection of superficial cancers and 
is furthermore cumbersome in application and less 
patient friendly than an EUS technique. With an 
endorectal technique, accurate positioning of the coil 
is often difficult and in high and/or stenosing tumors 
sometimes not even possible. 

For phased array MRI, no bowel preparation is 
required nor are spasmolytics routinely given. 
However, occasionally spasmolytics may be helpful 
in patients presenting with high anteriorly located 
tumors to reduce the motion artefacts that are caused 
by adjacent small bowel loops. Although the use of 
endorectal contrast such as iron oxide enema has 
been described to be very useful, the rationale for 
doing so is mainly to provide radiologists a more 
confident assessment of the exact location of the 
tumor, especially in small tumors (Wallengren 
et al. 2000). However, the tumor location is most often 
known to clinicians by their endoscopic exam. The 
main reason why MRI is requested is to identify the 
high-risk tumors; those tumors that are threatening 
or involving the CRM and those that extent far into 
the perirectal fat. Stretching of the rectal wall by 
endorectal contrast would cause overstaging of the- 
CRM involvement (Slater et al. 2006). Furthermore, 
distension of the rectal wall would compress the 
mesorectal fat, hampering an accurate evaluation of 
the mesorectal nodes. A standard rectal MR protocol 
thus comprises T2-weighted Fast Spin Echo (T2W 
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Table 13.1. Scan parameters for a standard 2D T2-weighted 
fast spin echo sequence of the pelvic region. 



2D T2W FSE 


Repetition time/echo time (ms) 


3427/150 


Number of slices 


22 


Slice thickness 


5 


Slice gap 


2 


Flip angle (degrees) 


90 


Matrix 


175 x 256 


FOV (mm) 


200 


Echotrain length 


25 


Number of signal averages (NSA) 


6 


Acquisition time (s) 


308 



FSE) sequences in three planes (Table 13.1). T2W FSE 
images allow for a good contrast between tumor, sur- 
rounding high signal of mesorectal fat and the very 
thin mesorectal fascia. In this respect, fat suppression 
sequences are not recommended, as on fat suppres- 
sion images the anatomy of the mesorectal fascia is 
not as well respected (Fig. 13.6). A sagittal T2W FSE 
sequence should first be obtained in order to locate 
the tumor. Based on the sagittal sequence, axial and 
coronal T2W FSE sequences are planned and it is 
especially crucial to angle the axial and coronal plane 
exactly perpendicular and parallel to the tumor axis. 
High-resolution images with a slice thickness of 




Fig. 1 3.6. Axial MR images without (a) and with fat suppression 
(b). Note how the mesorectal fascia can be clearly identified as 



4 mm or less and a field of view (FOV) that covers the 
promontory and L5 cranially, the anal canal caudally, 
the symphysis anteriorly and the sacral bone posteri- 
orly are preferred. At the time of writing, diffusion 
weighted imaging (DWI) sequences are obtained 
mainly in research protocol settings and their value 
for rectal cancer staging has not yet been established. 
Gadolinium contrast administration has not proven 
to be beneficial for T-stage and CRM evaluation 
(Vliegen et al. 2005). Total acquisition time of a 
standard rectal MRI does not need to exceed 25 min. 



13.3 



MR Anatomy of the Rectum 
and Mesorectum 

13.3.1 
Rectum 

The rectum extends from the anorectal junction to 
the rectosigmoid junction (usually arbitrarily defined 
as 15 cm from the anal verge, corresponding to the 
level of the third sacral vertebra). On T2W images, two 
layers can be identified within the normal rectal wall: 
(1) the inner mucosal layer, that can be seen as a line 
of intermediate signal and (2) the outer muscular is 
propria layer that can be seen as a hypointense line 
surrounding the rectum (Fig. 13.7). In case of submu- 
cosal edema (due to inflammation), a third layer (the 
submucosa) can be visualized as an area of high signal 
between the inner and outer layer (Fig. 13.8). 




a hypointense line on the image without fat suppression (black 
arrowheads). On the fat suppression image, it is hardly visualized 
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Fig. 13.7. Sagittal T2W FSE image showing a normal rectal 
wall in a male patient. The inner mucosal layer of the rectal 
wall is visualized as a line of intermediate signal intensity 
(white arrowheads). The outer layer, the muscularis propria 
recti, can be seen as a hypointense line surrounding the rec- 
tum (black arrowheads) 



13.3.2 

Meso rectum 

The mesorectum entails the rectum, mesorectal 
fat, lymph nodes, and blood and lymphatic vessels. 
The mesorectal compartment is bounded by the 
mesorectal fascia. The mesorectal fascia (MRF) is a 
thin fibrous structure that on T2W FSE MR images 
can be seen as a very thin line of hypointense signal 
intensity when compared with the surrounding high 
signal fat tissue (Fig. 13.6a). The mesorectal fascia 
constitutes the surgical resection plane along which 
a total mesorectal excision is performed. On the 
anterior side, the mesorectal fat is thinner than on 
the lateral and posterior side. Therefore, a close 
relation exists between the anterior rectal wall and 
the prostate and seminal vesicles in men and the 
vagina and cervix in women. Distally, the thickness 
of the mesorectal fat surrounding the rectal wall 
decreases, due to the tapering of the mesorectum. 
Thus, near the pelvic floor and anorectal junction, 
there is a close relation between the rectal wall and 
mesorectal fascia as well as the pelvic floor muscles 
(Fig. 13.9). Tumors that are located in the low and 
anterior rectum consequently are at higher risk for 
tumor involvement of the MRF. 




Fig. 13.8. Sagittal T2W FSE MR image of a female patient, 
showing a layer of high signal intensity (black arrows) cor- 
responding to an edematous submucosal layer between the 
inner mucosal layer (black arrowheads) and the muscularis 
propria (white arrowheads) 




Fig. 13.9. Coronal T2W FSE image of a patient with a low 
rectal tumor. Note the distal tapering of the mesorectum 
(black lines), causing a close topographical relation of the 
distal rectal wall and tumor to the pelvic floor muscles (black 
arrowheads) 
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Fig. 13.10. Sagittal T2W FSE image of a male patient. The peri- 
toneal reflection appears as a line of low signal intensity (black 
arrow) proximal to the level of the seminal vesicles (V) 

13.3.3 
Peritoneum 

In the upper two-thirds of the rectum, the mesorec- 
tum is embedded by the parietal and visceral perito- 
neum. The peritoneum folds anteriorly at the level of 
the seminal vesicles in men and the posterior vaginal 
wall in women to form the rectovesical pouch in men 
or recto-uterine pouch (of Douglas) in women 
(Fig. 13.10). When the tumor is located anteriorly, its 
relation to the peritoneal fold is important for surgi- 
cal planning (Fig. 13.11). Tumors located anteriorly 
and below the level of the peritoneal fold have a like- 
lihood of invasion of the MRF for which the surgeon 
will perform a wider excision. Tumors that are located 
anteriorly but above the visceral peritoneum are 
above this level and thus hardly ever alter the stan- 
dard surgical procedure (TME). 



13.3.4 

Blood Supply 

The blood supply of the rectum originates embryo- 
logically from the inferior mesenteric artery. The 
superior rectal artery - a branch of the inferior mes- 
enteric artery - is the main feeding artery of the rec- 
tum. On T2W FSE images, the superior rectal artery 



Fig. 13.11. Sagittal T2W FSE image of a male patient with a 
bulky rectal tumor in the mid-rectum. The tumor grows into 
the mesorectal fat and invades the mesorectal fascia at the 
level of the peritoneal fold (white arrow). Note the thickened 
mesorectal fascia (black arrowheads) 

and its branches are visualized as hypointense tubular 
structures located in the presacral region. The supe- 
rior rectal vein runs on the dorsal and left lateral side 
of the artery (Fig. 13.12). The distal part of the rec- 
tum receives additional blood supply from the mid- 
dle rectal artery, an inconsistent branch from the 
internal iliac artery. 



13.4 



Risk Assessment with MR Imaging 

The main goal of staging by imaging is to provide the 
surgeon, radiotherapist, and other members of the 
multidisciplinary team accurate information about 
the risk factors for local recurrence, in order to 
choose the most optimal (curative) treatment strat- 
egy for the patient. 

The risk factors for local recurrence that can be 
assessed by imaging methods are (a) the local extent 
of the tumor (T-stage), (b) circumferential resection 
margin involvement, and (c) nodal involvement 
(N-stage). Thus, imaging reports should always pro- 
vide the answers to the following relevant clinical 
questions: What is the T-stage? Is the circumferential 
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Fig. 13.12. On this sagittal T2W FSE image the superior 
rectal artery and its branches can be identified as tubular 
structures with hypointense signal located in the presacral 
region (black arrowheads). The superior rectal vein (white 
arrow) runs on the left and dorsal site of the artery 

resection margin involved? Are there nodes inside 
and outside the mesorectum and if so are they 
involved? This subsection deals with the role of MRI 
in the evaluation of these main risk factors for local 
recurrence: the tumor stage, the circumferential 
resection margin, and the nodal stage. 

13.4.1 
T-Stage 

The local extent of the tumor (the T-stage) is subdi- 
vided into four categories: 

Tl tumors limited to the submucosa, T2 tumors 
invading the muscularis propria, T3 tumors pene- 
trating the muscular rectal wall and extending into 
the perirectal fat, and T4 tumors invading adjacent 
organs. Overall accuracy for T-stage prediction with 
phased array MRI varies between 67 and 83% (Beets- 
Tan et al. 2001). There are several reasons for this 
wide range in accuracies. Staging difficulties are 
known to occur in the MR distinction between Tl vs. 
T2 and T2 vs. borderline T3 tumors. The main expla- 
nation is the two-layered MR appearance of the rec- 
tal wall (Fig. 13.7). Because the submucosal layer of 
the rectal wall is not visualized on phased- array MRI 



(except when there is edema), the distinction between 
a Tl tumor that is limited to the submucosa and a 
T2-tumor that is outgrowing the submucosa and 
invading the muscular bowel wall can be very diffi- 
cult. Thus, the role of imaging for selection of super- 
ficial Tl tumors that can be considered for local 
excision has never been given to MRI but rather 
remains with EUS. Indeed endorectal MRI can better 
discriminate between Tl and T2 tumors, with sensi- 
tivities and specificities comparable with endorectal 
ultrasound, (Blomqvist et al. 2000); however, the 
technique has never gained wide popularity because 
it is more cumbersome than EUS (Hunerbein et al. 
2000). Overstaging errors of borderline tumors with 
desmoplastic reactions are the major cause of diffi- 
culties in differentiation between T2 and borderline 
T3 tumors. Desmoplastic reactions in front of a 
tumor that are free from tumor nests (pT2) cannot 
be discriminated from desmoplastic reactions that 
do contain tumor nests (pT3). To be on the safe side, 
it is often better to overstage a desmoplastic pT2 
tumor as T3 than to understage (Fig. 13.13). A recent 
study, however, has shown that MRI can select tumors 
limited to the bowel wall (pTl-2) with high sensitiv- 
ity. When the bowel wall on T2-weighted MR images 
can be seen as an intact hypointense line around the 
tumor, this is a predictive criterion for tumors con- 
fined to the bowel wall with a positive predictive 
value (PPV) of 86-91% (Dresen et al. 2009) (Fig. 
13.14). Large T3 (Fig. 13.15) and T4 tumors (Fig. 
13.16) can accurately be identified with MRI, with 
sensitivities of 74 and 82% and specificities of 76 and 
96% for T3 and T4, respectively (Bipat et al. 2004). 



13.4.2 
CRM 

Preoperative knowledge of tumor involvement of the 
MRF is crucial to obtain a complete resection (R0 
resection) of the tumor. When a tumor extends within 
2 mm of the MRF, the circumferential resection mar- 
gin is close or threatened. When the tumor invades 
the MRF, the CRM is definitely involved (Fig. 13.17a). 
The CRM is considered wide when the closest dis- 
tance from the tumor to the MRF is larger than 2 mm 
(Fig. 13.17b). When the tumor is surrounded by an 
intact bowel wall, as described in the previous sec- 
tion (Fig. 13.14), the tumor is limited to the bowel wall 
and the CRM will always be free (Beets-Tan et al. 
2001). Many single-center studies including our own 
have shown that MRI is very accurate in predicting 
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Fig. 13.13. Axial MR images of two patients with rectal a T2 and T3 tumor on these images. When a tumor shows 

tumors that show desmoplastic strands growing into the desmoplasia, MRI cannot differentiate between desmoplasia 

perirectal fat. (a) Shows a pT2 tumor while (b) is a pT3 without (a) and with (b) tumor (published with permission 

tumor. Note that it is not possible to distinguish between from Beets-Tan et al. 2001) 




Fig. 13.14. Coronal (a) and axial (b) T2W FSE image of tumor is limited to the bowel wall. Further differentiation 
a male patient with rectal cancer. A hypointense line between a Tl and T2 tumor is not possible with standard 
surrounds the tumor (arrowheads), indicating that the MRI 
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Fig. 13.15. Axial T2W FSE image of a male patient with a T3 
tumor showing nodular ingrowth into the perirectal fat on 
the anterior side, where the tumor invades the mesorectal 
fascia (arrows) 




Fig. 13.16. Axial T2W FSE image of a male patient with a 
bulky T4 rectal tumor. The tumor invades the mesorectal 
fascia anteriorly (white arrow) and grows into the posterior 
bladder wall (black arrowheads) 

involvement of the CRM. A meta-analysis of seven 
reports evaluated the accuracy of CT, MRI, and EUS 
for prediction of CRM involvement and found sensi- 
tivities of 60-88% and specificities of 73-100% 
(Lahaye et al. 2005). A large multicenter study in 408 
patients reported an overall accuracy of 88%, PPV of 




Fig. 13.17. Axial T2-weighted FSE images of two patients 
with a T3 rectal tumor. The first tumor (a) grows into the 
perirectal fat over the whole circumference. Anteriorly, the 
tumor invades the mesorectal fascia, which is retracted into 
the tumor (white arrow). The CRM is involved. The second 
tumor (b) penetrates the bowel wall and grows into the 
perirectal fat at the left dorsal site. The tumor stays at safe 
distance from the mesorectal fascia (double arrows) and the 
CRM is thus not threatened 

54%, and NPV of 94% for MRI prediction of CRM 
involvement, suggesting that MRI in staging rectal 
cancer is reproducible in general hands (Mercury 
Study Group 2006). 



13.4.3 

Lymph Nodes 

Prediction of the nodal status by imaging methods 
has become essential due to the paradigm shift from 
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adjuvant to neoadjuvant chemo- and/or radiation 
therapy. Accurate identification of involved nodes in- 
and outside the mesorectum allows for selection of 
patients at high risk for local recurrence, who benefit 
from intensive neoadjuvant treatment. None of the 
presently available modern imaging techniques, 
however, provides sufficient accuracy in assessing 
the exact nodal status - N0,N1 or N2 - for clinical deci- 
sion-making. Although nowadays even nodes as 
small as 2 mm can be visualized using high-resolu- 
tion MRI, discrimination between the benign and 
malignant lymph nodes remains a difficult task. 

Traditionally, mainly size has been applied as a cri- 
terion to identify the malignant nodes, with the best 
cut-off size in pelvic nodes at 8 mm. Two meta-analyses 
exist that analyzed the pooled data from nodal imag- 
ing studies and showed that EUS and CT using size 
criteria are inaccurate for characterization of lymph 
nodes. MRI could not outperform the two other imag- 
ing methods, with sensitivities and specificities in the 
range of 55-78% (Bipat et al. 2004; Lahaye et al. 
2005). The use of size criteria in rectal cancer nodes is 
furthermore limited, because in rectal cancer metasta- 
ses frequently occur in small (<5mm) nodes (Wang 
et al. 2005). When applying size as the only criterion, 
small metastatic nodes are thus understaged while 
overstaging occurs in the larger-sized nodes. 
Morphologic criteria in addition to size improve the 
nodal evaluation: nodes that are sharply delineated 
and homogeneous in signal often prove to be benign 
(Fig. 13.18a), while nodes showing an irregular border 
and heterogeneous signal pattern are more likely to be 
involved (Fig. 13.18b). With the use of these criteria, 
sensitivities of 36-85% and specificities of 95-100% 
were reported on a patient basis, where the existence 
of larger-sized nodes allowed accurate evaluation of 
the border and nodal heterogeneity (Kim et al. 2004; 
Brown et al. 2003). These criteria, however, are more 
difficult to evaluate in the very small nodes (2-3 mm). 
We can conclude that at present no imaging technique 
is sufficiently accurate for prediction of the nodal sta- 
tus and clinical decision-making based on it, unless of 
course when the presence of a large and suspicious 
metastatic node - like in the patient of Fig. 13.18b - 
gives no reason for doubt of the N+ status of the 
patient. Promising results were reported for nodal 
staging using lymph node specific MR contrast agents, 
such as Ultrasmall Particles of Iron Oxide (USPIO) 
(Wang et al. 2006; Lahaye et al. 2008). However, at the 
time of writing, USPIO contrast is not approved for 
clinical use and it remains unclear whether or when it 
will be available on the market. 




Fig. 1 3.1 8. Axial T2W FSE images of two patients with visible 
lymph nodes in the mesorectal fat. The two nodes in the first 
patient (arrowheads in a) show criteria for benignancy: oval 
shape in one of them, excentric white hilus in the other, sharp 
borders, and homogeneous signal in both. Both nodes were 
benign at histology. The node in the second patient (arrow in 
b) shows criteria for malignancy: irregular in border contour, 
heterogeneous in signal intensity, and larger than 8 mm in size. 
This node was confirmed to be malignant at histology 

13.4.3.1 

Extramesorectal Lymph Nodes 

Evaluation of nodal disease on MRI should also 
include a careful search for suspicious lymph nodes 
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Fig. 13.19. Axial images of a patient with a rectal tumor 
before (a) and after (b) rectal cancer surgery. Note the 
enlarged suspicious node in the left lateral region (black 
arrow) that was misdiagnosed as a benign node. Two years 

outside the mesorectum, in the lateral and inguinal 
regions. With a standard total mesorectal excision, 
these nodes remain in situ. When not identified pre- 
operatively and removed at surgery, these nodes 
could harbor a serious risk for a local recurrence 
(Fig. 13.19). Nodes outside the mesorectum are eval- 
uated on MRI using the same criteria of size, nodal 
border contour, and signal pattern. If on a restaging 
MRI after chemoradiation, an extramesorectal node 
remains suspicious for involvement, the surgeon 
would consider an extended lymphadenectomy. 



13.5 



Restaging Rectal Cancer 

With the introduction of neoadjuvant chemoradia- 
tion for locally advanced rectal cancer, restaging of 
the cancer after neoadjuvant treatment can become a 
relevant issue if the surgeon would consider a less 
extensive resection or a local excision in the good 
responders. 

Downsizing (shrinkage of tumor volume) and 
downstaging (a lower T- and/or N-stage when com- 
pared with pre-treatment imaging) of the tumor are 
increasingly encountered with nowadays intensive 
chemoradiation (CRT) schemes. A local excision has 
already been advocated for patients with minimal 
residual disease (yTl-2N0) after treatment without 
compromising local control (Borschitz et al. 2008; 
Lezoche et al.2008). A complete response of the tumor 




after surgery, this patient developed a left lateral pelvic 
recurrence (black arrowheads), which probably originates 
from the extramesorectal node that was misinterpreted and 
left in situ after surgery 

and nodes is reported in 10-30% (Hughes et al. 2006; 
Valentini et al. 2002; Guillem et al. 2005; Habr- 
Gama et al. 2006) of patients treated with neoadjuvant 
chemoradiation. A "wait-and-see policy" (omission of 
surgery) in these ycTONO patients could then be con- 
sidered. Although both minimal invasive strategies are 
still controversial at the time of writing, this probably 
is the way to go in the treatment management of rectal 
cancer patients: further tailoring of treatment and 
more organ preserving treatment options in the good/ 
complete responders. This paradigm shift in treatment 
then puts MR imaging of rectal cancer in a new per- 
spective: not only will the radiologist play a crucial 
role in the stratification of patients before treatment, 
but also will his role be important after CRT in the 
selection of the good and complete responders and in 
the surveillance of patients after a local excision or 
"wait-and-see policy." 

A restaging MRI is best performed 6-8 weeks after 
completion of chemoradiation. Again, the previously 
mentioned risk factors (T- stage, CRM, and N-stage) 
need to be evaluated. In general, overstaging is the 
most encountered problem in restaging rectal cancer 
after chemoradiation. Because of chemoradiation 
effects, the tumor and nodes shrink and become 
fibrotic. This fibrosis cannot be distinguished from 
residual tumor with MRI and MRI cannot identify 
small residual tumor islets in fibrosis. This results in 
an increased rate of overstaging when compared with 
primary staging. Furthermore, studies show a vari- 
able interobserver agreement in the evaluation of 
postchemoradiation MR images, with Kappa's in the 
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range of 0.33-0.64, which probably reflects the diffi- 
culty of discerning fibrosis from residual tumor 
(Dresen et al. 2009; Vliegen et al. 2008a; Kuo et al. 
2005). Future studies and new techniques (such as 
molecular imaging) will have to provide a solution for 
this problem. 

13.5.1 

The yT-Stage 

Low accuracies ranging from 43 to 60% are reported 
for restaging the yT stage after chemoradiation 



(Kulkarni et al. 2008; Allen et al. 2007). Overstaging is 
the main cause of errors with reported overstaging 
rates varying from 10 to 47%, while understaging 
occurs in 6-20% (Chen et al. 2005; Kuo et al. 2005). 
When after CRT, the bowel wall becomes thickened 
and dark on T2W FSE MR images, it suggests that the 
tumor has been replaced by scar tissue. The problem 
is that scar tissue, which is depicted as an area of 
hypo-intense signal on T2W-FSE MR images, cannot 
be discerned from scar tissue that harbors residual 
tumor or small tumor islets (Fig. 13.20). Thus, these 
interpretation difficulties with fibrosis lead to signifi- 
cant over and understaging errors. The same holds 




Fig. 13.20. Axial T2-weighted FSE MR images of two viable tumor was found at histologic examination, staged as 

patients with locally advanced tumors (asterisks) before yT3. In the second patient (c,d), no residual tumor was found 

chemoradiation (a, c) and after chemoradiation (b, d). Both and the patient was staged yTO. Note how the MR images of 

tumors responded well to the chemoradiation with remain- a yT3 tumor (b) fully mimic those of a yTO tumor (d) when 

ing thickened and fibrotic bowel at the site of the previous the bowel wall on post-CRT MRI appears thickened and 

tumor (black arrowheads). In the first patient (a, b), residual fibrotic 
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Fig. 13.21. Preoperative administration of chemoradiation 
to a small volume tumor (a, double arrows, 2.5 x 3 x 1.5 cm 3 ) 
resulted in a complete response at histologic examination. 
On the restaging MRI after chemoradiation (b), the tumor 



has disappeared and a normal rectal wall can be seen with a 
hyperintense inner mucosal layer (white arrowheads) and a 
hypointense outer layer {white arrow) 



true for the identification of a pathologic complete 
responder (ypTONO) after chemoradiation. One study 
reported that MRI did not identify any of the 12 
pathologic complete responders in a group of 43 
patients (Maretto et al. 2007). Nevertheless, a recent 
study in 63 patients has shown that post CRT MRI can 
accurately predict tumors that are confined to the 
bowel wall (ypTO-2) with PPVs of 86-91% and NPVs 
of 70-75% for expert radiologists, non-expert radiol- 
ogists, and surgeons (Dres en et al. 2009) . Furthermore, 
if the tumor on pre CRT MRI at the start of the treat- 
ment was <50 cm 3 and if the tumor volume shrinkage 
on post CRT MRI was measured >75%, tumors were 
likely to be downs taged to a tumor limited to the 
bowel wall (Fig. 13.21). Combining yT- stage predic- 
tion and volume reduction thus could improve the 
overall accuracy for yT prediction from 74 to 87%. 

13.5.2 

Tumor Regression from the Mesorectal Fascia 

A multicenter study group reported an accuracy of 
77% for CRM involvement prediction on post CRT 
MRI with a PPV of 45% and NPV of 98% (Mercury 
Study Group 2006). Two single-center studies con- 
firmed these findings with high NPVs of 91-100% 



and moderate PPVs of 44-68% ( Vliegen et al. 2008a, 
Kulkarni et al. 2008) . Again, these results reflect the 
difficulties of post CRT MRI in interpreting fibrosis. 
This is beautifully illustrated in Fig. 13.22. When a 
tumor before CRT shows massive invasion of the 
MRF and, after CRT, fibrotic scar tissue has replaced 
the tumor bed but has not regressed from the 
mesorectal fascia, the distinction between fibrosis 
with and without residual tumor remains a difficult 
task and again - to be on the safe side - the radiolo- 
gist rather overstages than understages an involved 
mesorectal fascia. This results in overstaging errors 
as reflected by the low PPV. However, the high NPV 
tells us that when tumor regression is seen on post 
CRT MRI and the margin is uninvolved, this is almost 
always true. Vliegen et al. (2008a) proposed predic- 
tive patterns for CRM involvement after chemoradi- 
ation. They stratified 64 patients into four patterns: 
(A) fat pad larger than 2 mm between the residual 
tumor mass and MRF (Fig. 13.23), (B) development 
or persistence of spiculations invading the MRF, (C) 
development of diffuse hypointense "fibrotic" tissue 
infiltrating the MRF at the initial tumor site, and (D) 
persistence of diffuse iso- or hyperintense tissue 
infiltrating the MRF (Fig. 13.24). From pattern A to 
D, an increasing frequency of tumor invasion was 
found at matching with histology. Patterns A and B 
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Fig. 13.22. Axial T2W FSE image of a rectal tumor before 
(a) and after (b) neoadjuvant chemoradiation treatment. 
Before treatment, there is a huge circumferential tumor that 
invades the MRF anteriorly (black arrows). After treatment, 
the tumor has become fibrotic. Anteriorly, the fibrotic tissue 



grows into the MRF (white arrow). It is not possible to dis- 
criminate tumor involvement of the MRF in these areas of 
fibrotic scar tissue. In this patient, the MRF turned out to be 
free of tumor involvement at histologic evaluation 




Fig. 13.23. Axial T2W FSE image of a male patient with rec- 
tal cancer after neoadjuvant chemoradiation treatment. The 
tumor area (from 6 to 12 o'clock) has become fibrotic. A clear 
fat pad can be visualized between the dorsal tumor area and 
the MRF (double arrows). The CRM is not involved 



Fig. 13.24. Axial T2W FSE image of a male rectal cancer 
patient that was treated with neoadjuvant chemoradiation 
for a big T3N2 rectal tumor. After chemoradiation, a residual 
solid tumor mass with intermediate signal intensity invades 
the MRF on the anterior side (arrowheads). We can now state 
with certainty that the CRM is still involved 
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indicate an uninvolved CRM, pattern C reflects pos- 
sible CRM involvement, and when pattern D is 
encountered, the CRM is definitely involved. Imple- 
mentation of these patterns reduced overstaging from 
54 to 34%, with an understaging rate of 0%. In clinical 
decision-making, the high overstaging rate means 
over treatment in a significant proportion of patients 
that in fact have an uninvolved CRM, bringing about 
more morbidity than with standard surgery (TME). 
On the other hand, the gain is that R0 resections are 
often obtained. 



13.5.3 

The yN Stage 

The most important issue in restaging nodal stage 
after chemoradiation is to evaluate whether pre- 
treatment suspected lymph nodes have become 
sterilized (non-malignant) as a result of the neoad- 
juvant treatment. Therefore, comparison of pre and 
post chemoradiation MRI is of crucial importance 
when interpreting nodes on post CRT MRI. Nodes 
can undergo a substantial volume reduction or even 
disappear after CRT. One study found a significant 
difference in lymph node retrieval after surgery 
with and without neoadjuvant chemoradiation 
treatment: 13 vs. 17 lymph nodes (p < 0.001) were 
retrieved per specimen, respectively (Rullier et al. 
2008). The diagnostic performance of yN stage pre- 
diction with post chemoradiation MRI is reported 
equal or slightly better than with primary staging 
MRI, with accuracies varying from 64 to 88%. 
Overstaging is encountered slightly more often than 
understaging with overstaging rates from 4 to 28% 
and understaging rates from 4 to 19% (Kuo et al. 
2005; Kulkarni et al. 2008; Vanagunas et al. 2004; 
Chen et al. 2005). One study evaluated whether the 
pre chemoradiation criteria for nodal staging with 
USPIO-MRI are re-applicable after chemoradiation. 
The results for lymph node evaluation with USPIO- 
MRI after chemoradiation were comparable with 
the pre chemoradiation evaluation with a PPV of 
83% and NPVs from 99 to 100% for both the expert 
as well as the nonexpert reader. Furthermore, it was 
found that using standard T2W MR sequences, after 
chemoradiation size criteria were more reliable and 
nodal staging more accurate than before chemora- 
diation, probably because the number and size of 
lymph nodes decreased due to chemoradiation 
effects (Lahaye et al. 2009b). 



13.6 



Other Imaging Modalities 
13.6.1 

Endorectal Ultrasound (EUS) 

Endorectal (or Endoluminal) ultrasound has tradi- 
tionally been used for the local staging of rectal cancer. 
EUS is very accurate for assessment of tumor ingrowth 
in the bowel wall and is known to be the best imaging 
method to discriminate between tumors limited to the 
submucosa (Tl) and tumors with ingrowth in the 
muscularis externa (T2). EUS also has a high sensitiv- 
ity in predicting tumor penetration into the perirectal 
fat (T3) but specificity remains limited, because - like 
MRI - EUS has difficulties in discriminating normal 
desmoplastic stranding in T2 tumors from actual 
tumor penetration, causing mainly overstaging of T2 
tumors. Because of the low contrast-resolution of EUS 
and the limited field of view of the ultrasound probe, 
the technique is less suitable for evaluation of the cir- 
cumferential resection margin and tumor infiltration 
into neighboring organs in T4 tumors (Bipat et al. 
2004). A prospective multicenter study reported that 
in 649 of 5,056 patients (13%) who underwent EUS for 
rectal cancer staging, EUS did not succeed in assessing 
the tumor lesion due to difficulties with the position- 
ing of the ultrasound probe or limited visibility of the 
tumor, especially in patients with high or stenosing 
tumors (Ptok et al. 2006). Furthermore, the perfor- 
mance of EUS is limited by the investigator's experi- 
ence. A definitive learning curve for EUS was shown 
with an improvement in accuracy from 58% at the 
baseline to 87.5% after the first 30 months of experi- 
ence (Carmody and Otchy 2000). Like CT and MRI, 
EUS without additional fine-needle aspiration (FNA) 
is insufficiently accurate for the evaluation of lymph 
nodes. Furthermore, with EUS only nodes in the prox- 
imity of the probe are visualized while nodes in the 
drainage area of the superior rectal and inferior mes- 
enteric arteries are not well captured. 



13.6.2 
CT 

Multislice CT (MSCT) has often been proposed as a 
"one stop shop" technique for both the distant and 
local staging of rectal cancer. Although CT is routinely 
used for distant staging, there are some drawbacks to 
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the use of CT for local staging. Reports have shown 
that CT is not a good method for evaluation of the 
nodal status. When predicting nodal involvement, 
CT can only rely on size criteria, while in rectal can- 
cer lymph node metastases often occur in very small 
nodes (Wang et al. 2005). This will inherently lead to 
under- and overstaging errors when using CT for 
nodal evaluation. For the prediction of an involved 
circumferential resection margin, MSCT is reported 
to have moderate to poor accuracy (54-66%). Results 
were particularly poor in the low-anterior tumors, 
but improved for the mid and high located tumors 
(Vliegen et al. 2008b). This was again confirmed by 
a multicenter study in 250 patients, which found a 
low performance for 4-16 slice CT in the evaluation 
of CRM involvement in low rectal cancer. Results in 
mid and high rectal cancer were significantly better, 
with a PPV of 86% and NPV of 94%, suggesting that 
early generation multislice CT is able to select those 
tumors with free CRM and no visible nodes 
(Wolberink et al. 2009). At present, the role of newer 
generation (64) multislice CT is still undetermined 
and needs further investigation. 



13.6.3 
PET-CT 

FDG PET-CT combines functional information with 
anatomic registration. PET-CT is known to be valu- 
able for response monitoring in patients with locally 
advanced rectal cancer treated with neoadjuvant 
chemoradiation. A decrease of the standardized 
uptake value (SUV) during and after chemoradia- 
tion is a strong indicator for a good response 
(Capirci et al. 2007). At present, PET-CT is thus the 
most promising technique for early selection of the 
good responders, although as to date this selection 
would not alter treatment regimen. Whether PET 
will be able to identify the pathologic complete 
responders after CRT is yet to be proven. The value 
of PET-CT is reported to be limited for prediction of 
tumor clearance of the circumferential resection 
margin after CRT. In 20 patients, none of the tumor 
distances from the MRF measured at PET-CT corre- 
sponded with the tumor clearance that was verified 
at histological evaluation (Vliegen et al. 2008c). The 
detection level of FDG-PET at the time of writing is 
further limited for very small volume disease (<5- 
10 mm). PET-CT is unreliable for detection of 
mesorectal lymph node metastases and small resid- 
ual tumor after neoadjuvant treatment, partly due to 



artifacts caused by intense uptake of the adjacent 
tumor and bladder void and partly because after 
chemoradiation uptake in acute inflammatory tissue 
causes confounding effects on PET images. In the 
longer run, during the early years surveillance of 
patients after treatment, PET has advantages over 
CT and MRI in differentiating scar tissue from viable 
tumor, making the technique more suitable for the 
(early) detection of tumor recurrence. Furthermore, 
PET-CT has proven its use for (whole body) screen- 
ing for extrahepatic metastases in those patients 
with liver metastases on CT that are scheduled for 
curative liver resection or metastasectomy. A PET 
screening before liver surgery has shown to reduce 
the number of unnecessary laparotomies ( Wiering 
et al. 2005). In the future, the introduction of hybrid 
PET MR techniques could bring us into a new era of 
"one stop shop" fast staging methods combining the 
superior soft tissue contrast resolution of MRI with 
the metabolic and functional information obtained 
with FDG PET. 



13.7 



Future Perspectives 

With rapid technological developments, new imag- 
ing techniques are emerging. Improved image qual- 
ity with higher resolution images allow for a more 
accurate evaluation of small volume disease. Faster 
image acquisition combined with advancing mov- 
ing table techniques could expand the use of MRI 
from locoregional staging to whole body screening 
within an acceptable time frame. While the tradi- 
tional techniques only provided morphological 
information, functional and quantifiable data can 
now be obtained. Diffusion-weighted MRI (DWI) is 
rapidly advancing in the field of oncology. DWI pro- 
vides unique quantitative information reflecting tis- 
sue cellularity, without the need for exogenous 
contrast agents (Bammer 2003). While the use of 
DWI was initially limited to the brain, recent 
advances in MR techniques have made extracranial 
applications of DWI and even whole body DWI pos- 
sible, creating a whole new window of opportunity 
for the noninvasive detection and functional assess- 
ment of tumors. Perfusion MRI techniques have 
been reported to be promising for response moni- 
toring in rectal cancer (De Lussanet et al. 2005). 
Readers are referred to Chap. 4 for more technical 
details on DWI and MR perfusion. While none of the 
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traditional imaging techniques have overcome the 
limitations in lymph node staging, MRI using lymph 
node specific contrast could be promising for more 
accurate characterization of lymph nodes (Will 
et al. 2006; Lahaye et al. 2008, 2009a). Specific molec- 
ular target agents are being investigated for tumor 
imaging at a microscopic and even molecular level, 
aiming at providing new insights in the pathologic 
tumor processes and developing new targeted treat- 
ment strategies. Extensive research will be required 
to further validate these new - and promising - MR 
imaging techniques and validate their use in clinical 
practice. 



13.8 



Conclusions and Recommendations 
for Rectal Cancer Management 

Treatment strategies for rectal cancer have emerged 
from uniform treatment toward more tailored treat- 
ment, based on preoperative selection of different 
risk groups for local recurrence. The role of the 
radiologist in the multidisciplinary management of 
rectal cancer has thus evolved into a full discussant, 
a sparring partner for the clinicians providing them 
the relevant imaging findings necessary to stratify 
patients into the best treatment option. For the 
selection of low-risk patients (T1-2N0) who can be 
treated with surgery only, endorectal ultrasound 
remains the best imaging technique. For the assess- 
ment of larger (T3-4) tumors that will benefit from 
neoadjuvant treatment and to analyze involvement 
of the circumferential resection margins, MRI is the 
preferred imaging technique. Especially in low rec- 
tal tumors, MRI is more accurate than CT in assess- 
ing tumor invasion of the mesorectal fascia and 
adjacent organs and is therefore recommended. At 
present, no imaging technique is sufficiently accu- 
rate for exact nodal staging. New imaging tech- 
niques combining anatomical and functional 
information need to be investigated to solve this 
issue. The role of MRI in restaging rectal cancer 
after intensive neoadjuvant treatment is upcoming. 
When further tailoring of treatment, such as local 
excision or a "wait-and-see policy" for the good and 
complete responders, respectively, can be consid- 
ered, this can only be realized when there is an accu- 
rate selection tool to identify these patients. Again, 
future research should indicate the role of imaging 
for this selection. 



13.9 



Anorectal Fistulas 

An anorectal fistula is an abnormal tract between the 
anal canal (or occasionally the rectum) and the peri- 
anal skin. The disease has a tendency to recur despite 
curative surgery. Recurrence after surgery is almost 
always due to infection that is missed during surgical 
exploration and thus gone untreated. It is now recog- 
nized that pre-operative imaging, in specific MRI, is 
able to identify fistulas and associated abscesses in 
complex tracks that would otherwise have been 
missed by the surgeons. Pre-operative MRI has been 
shown to influence subsequent surgery and signifi- 
cantly diminish the chance of recurrent disease as a 
result. Because of this, pre-operative MRI has become 
a standard routine in the work-up of patients with 
complex fistulas. 

Anorectal fistulas can exist as (1) a simple or pri- 
mary track (Fig. 13.25) or (2) a complex track, con- 
sisting of a primary track and its secondary extensions 
including abscesses (Fig. 13.26). The latter are most 
often associated with perianal Crohn's disease and 
with recurrent fistulas. There have been a variety of 




Fig. 13.25. Coronal T2 -weighted turbo spin-echo in a male 
patient with a very high transsphincteric cryptoglandular fis- 
tula (arrows) extending to the level of the anorectal junction 
(arrow head). R rectum; LA levator ani plate; PR puborectalis; 
ES external sphincter (Fig. courtesy of Jaap Stoker MD) 
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Fig. 13.26. Sagittal T2-weighted turbo spin-echo in a male 
patient with Crohn's disease. There is a large presacral 
abscess (A) with air fluid level and there is a thickened rectal 
wall (R) (Fig. courtesy of Jaap Stoker MD) 

attempts to classify fistula-in-ano but by far the most 
widely used is that proposed by Parks et al. in 1976: 
intersphincteric, transsphincteric, suprasphincteric, 
and extrasphincteric fistulas. Intersphincteric and 
transsphincteric fistulas are with submucosal fistulas 
the most frequent type of fistulas. Suprasphincteric 
fistulas and extrasphincteric fistulas extend to the 
rectum. 

For a more extensive description of the different 
classes and more detailed elaboration on the efficacy 
of MRI and the optimal standard MR imaging proto- 
col as well as its influence on treatment, we refer to 
Chap. 19. With this subsection, we intend to briefly 
summarize the role of MR imaging with respect to 
other imaging methods for identifying and classify- 
ing anorectal fistulas. 

The aim of anal fistula surgery is to eradicate all 
sepsis identified during exploration. While doing so, 
it is important for the surgeon to maintain the right 
balance between eradication of sepsis and preserva- 
tion of anal function. To achieve this, two surgical 
questions need to be answered preoperatively by 
imaging: 

1. What is the relationship between the fistula and 
the anal sphincter? (In other words, what would 



be the chance for post-operative incontinence 
when the track would be laid open?) 
2. Are there any extensions from the primary track 
that need to be treated to prevent recurrence and 
if so, where are they located: supra- or infra leva- 
toric, inter- or extrasphincteric? 

Contrast fistulography was the first modality ever 
employed but has become obsolete since Kuijpers 
and Schulpen (1985) showed an accuracy for this 
method of only 16%. The major drawback of fistulog- 
raphy is that tracks behind stenosis and/or debris- 
plugs in complex fistulas cannot be filled. Furthermore, 
information on the relation of the track to the pelvic 
floor and anal sphincter complex is lacking. CT has 
never played an important role for anal fistulas imag- 
ing mainly due to its insufficient soft tissue contrast 
resolution for detailed visualization of the anal 
sphincter complex. Endoanal Sonography (EAS) was 
the first technique to directly visualize the anal 
sphincter complex in detail and to show effectiveness 
in the classification of fistula-in-ano. A study com- 
paring EAS to digital evaluation and MRI in 108 pri- 
mary tracks found that digital evaluation correctly 
classified 61%, EAS 81%, and MR imaging 90% 
(Buchanan et al. 2004). Although EAS was superior 
in identifying the site of the internal opening (97% 
vs. 91% for MRI), MRI was the most superior tech- 
nique for providing all relevant information that sur- 
geons want to know from imaging. This was again 
confirmed in a systematic review by Sahni et al. 
(2008) reporting a sensitivity, specificity, PPV, and 
NPV of 97, 96, 97, and 96% for MRI and 92, 85, 89, and 
89%, respectively, for EUS. A further advantage of 
MRI is that it is less operator-dependent than US. 
While there is no doubt that EAS remains a valuable 
technique in experienced hands, MRI is generally 
more reproducible in general centers and thus pre- 
ferred as a method in the preoperative standard 
work-up of patients with anorectal fistulas. 

Studies in the mid-1990s have advocated the use 
of endoanal coils for MR imaging of anal fistulas and 
reported equal to superior results when compared 
with EAS (Stoker et al. 1996). Halligan and 
Bartram (1998) compared the endoanal MR tech- 
nique with MRI using an external coil (a conven- 
tional body coil) and found 68 and 96%, concordance 
of MRI with surgery respectively, and concluded that 
endoluminal MR techniques are thus less preferred. 
Although endoanal MRI is superior to an external 
coil technique in detecting and classifying primary 
tracks (deSouza et al. 1998), it is less accurate in 
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identifying abscesses outside the field of view of the 
endoanal probe, especially with complex fistulas 
associated with recurrences and with Crohn's dis- 
ease. In these situations, a phased array body coil is 
preferred (Stoker et al. 2000; Halligan and 
Bartram 1998). For further elaboration on the best 
MR protocol, we again refer to Chap. 19. 



13.10 



Endometriosis 

Endometriosis is the presence of ectopic functional 
endometrial tissue outside the uterus. 

Endometriosis can present as different clinical 
entities, such as ovarian endometriosis (endometri- 
oma), peritoneal endometriosis (early- stage endometri- 
osis often occurring in the adolescent symptomatic 
patient) or deep endometriosis, an advanced stage of 
the disease that infiltrates the peritoneum in the 
Douglas pouch and invades the deep pelvic organs 
(rectum, bladder, etc.). The pathogenic mechanism of 
endometriosis has been described in several studies 
and is not fully understood yet. Endometriosis affects 
10-15% of women during pre-menopause and, 
although it is a benign disorder, has a substantial 
social and professional impact because of its associa- 



tion with dyspareunia, dysmenorrhea, pelvic pain, 
and subfertility. In rare cases, endometriosis can 
undergo malignant transformation and give rise to 
epithelial ovarian cancer. Patients generally present 
with advanced disease that infiltrates deep pelvic 
structures such as the rectum and sigmoid, the sacro- 
uterine ligaments, the ureters, the bladder, the rec- 
tovaginal septum and the cervix and uterine body. 
This infiltrating "deep endometriosis" (as opposed to 
the earlier stage of "peritoneal endometriosis") 
mainly consists of massive fibrotic tissue (Fig. 13.27), 
encircling small hemorrhagic endometriotic nod- 
ules. Repeated cyclic bleeding of these small nodules 
causes the fibrosis to further extend - as reactive scar 
tissue - and to diffusely infiltrate the deep pelvis, 
which is the reason why patients who are diagnosed 
at this advanced stage may already have suffered 
years of chronic unexplained and disabling symp- 
toms of pain. The correct diagnosis is known to be 
made only 8-11 years after the patient has reported 
the first complaints. The diagnosis for endometriosis 
currently only relies on clinical symptoms and exams 
and is confirmed by laparoscopy. Although laparos- 
copy reveals a good view of the extent of peritoneal 
endometriosis, it tends to underestimate the extent of 
deep endometriosis. Modern imaging techniques 
thus serve as a complementary tool to assess the 
extent of clinically confirmed deep endometriosis. 




Fig. 13.27. Sagittal (a) and axial (b) T2W FSE images of a at the dorsal cervix and fornix posterior (white arrows) that 

patient with deep endometriosis. The patient underwent a grows through the mesorectal fascia and invades the anterior 

hysterectomy in the past, but the cervix was left in situ. There rectal wall (black arrowheads) 
is a large hypointense signal area of endometriosis located 
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Modern imaging techniques mainly used for this goal 
are transvaginal- and endorectal sonography and/or 
MRI. All are insufficiently sensitive for accurate diag- 
nosis of the very early "peritoneal endometriosis," so 
for this laparoscopy ± biopsies remain the gold stan- 
dard diagnostic tool. The focus of this subsection will 
mainly be on the role for MR imaging in evaluating 
the extent of deep endometriosis. 

13.10.1 

MRI of "Deep Endometriosis" 

The hemorrhagic endometrial nodules as visualized 
on MRI of deep endometriosis have a high signal 
intensity on T 1 -weighted MRI and high signal inten- 
sity on T2-weighted MRI, reflecting the presence of 
blood degradation products. MRI may have difficul- 
ties in identifying these hemorrhagic implants 
among massive hypointense fibrotic tissues. Fat- 
suppression MR sequences have therefore in the 
past been advocated as very useful for accurate 
detection of these tiny lesions (Siegelman et al. 
1994). Although this may be true, the main question 
the gynecological surgeon wants answered with 
MRI is not whether the patient has deep endometri- 
osis (this diagnosis is often already made at clinical 
exam and/or laparoscopy), but how far the deep 
endometriotic lesions have extended into pelvic 
structures such as the rectum, the ureters, etc. 




Fig. 13.28. Axial Tl-weighted (a) and T2-weighted (b) image 
of a female patient showing an endometrioma located at the 
left ovary (white arrowheads). The content of the cyst is 



Depending on the severity of the patient's symptoms, 
endometriosis may be managed expectantly, with 
hormonal therapy or surgically (Remorgida et al. 
2007). Better information on involved deep pelvic 
structures would help the surgeon to anticipate 
resection of these structures together with the mas- 
sive endometriotic pelvis mass, or in the case of 
hormonal treatment to have a baseline exam for 
monitoring treatment response. 

Bazot et al. (2007) reported a high sensitivity and 
specificity of 88 and 90% for MRI in identifying rec- 
tal involvement of deep endometriosis, figures simi- 
lar to those for endorectal ultrasound (96 and 94%). 
Transvaginal Ultrasound (TVUS) is very accurate for 
diagnosing endometrioma, as TVUS is highly sensi- 
tive for excluding or confirming ovarian cystic 
lesions, even when small. MRI with its superior con- 
trast resolution is more specific than endoluminal 
sonography for diagnosing endometrioma. The MR 
appearance of the "shading effect" on T2W MR 
images (hyperintense luminal content of the cysts on 
T1W, which turns hypointense on T2W images) is 
100% predictive for endometrioma (Fig. 13.28). As 
most endometriomas are associated with deep endo- 
metriotic lesions in the posterior pelvis (the sacro- 
uterine ligament and the rectum), an MR exam 
additional to TVUS for confirming the sonographic 
diagnosis of endometrioma could at the same time 
efficiently assess the presence or absence of deep 
endometriotic lesions in the posterior pelvis. 




hyperintense on the Tl-weighted image and turns hypoin- 
tens ("shading") on the T2-weighted image; MR features that 
are 100% predictive for endometrioma 
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List of Abbreviations 



CT 


Computed tomography 


CRM 


Circumferential resection margin 


CK1 


Chemoradiation treatment 


TWKTT 


Diffusion weighted (MR) imaging 




Endoanal ultrasound 


EUS 


Endorectal/endoluminal ultrasound 




rast spin echo 


MDT 


Multi-disciplinary team 


MdCl 


Multislice C 1 


A/TD "C 

MKr 


Mesorectal fascia 


MRI 


Magnetic resonance imaging 


NPV 


Negative predictive value 


PET 


Positron emission tomography 


PPV 


Positive predictive value 


T2W 


T2 -weighted 


TME 


Total mesorectal excision 


TVUS 


Transvaginal ultrasound 


UK 


United Kingdom 
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KEY POINTS 



This chapter gives an overview of small bowel 
motility imaging. A short summarization on the 
physiology of small bowel peristalsis is followed by 
the different techniques currently used to monitor 
small bowel function such as manometry and scin- 
tigraphy. Until now, no technology has been avail- 
able that is able to visualize bowel motility. For 
MRI, the techniques to acquire motility images are 
described as well as the analysis of motility and the 
interpretation of the data. Some clinical applica- 
tions of small bowel motility changes are demon- 
strated to indicate the possibilities of monitoring 
bowel function with MRI. 



14.1 



Introduction 

14.1.1 
Physiology 

The physiologic task of bowel motility is composed of 
different aspects. The bowel wall contractions mix and 
homogenize the food, disperse digestive enzymes, 
optimize the extraction of nutrition by churning the 
bowel content, and propel the food through the gastro- 
intestinal (GI) tube from the mouth to the rectum. This 
peristaltic system is based on the coordinated contrac- 
tions of smooth muscle cell layers within the bowel 
wall, the muscularis propria. These contractions are 
independently coordinated within the bowel by the 
plexus myentericus of Auerbach, also called the "brain 
in the gut" (Fig. 14.1). The smooth muscle cell layers 
are arranged in a circular and longitudinal layer. The 
interface between the two layers is formed by the 
myenteric plexus, which contains nerve cells and the 



230 M. A. Patak, C. Von Weymarn, Klaus-U. Wentz et al. 




Fig. 14.1. Anatomy of the small bowel wall. Cross-sectional 
anatomy of the small bowel wall overivew (A) showing the 
3 layers of mucosa (m) submucosa (s) and muscularis pro- 
pria (mp). The muscularis propria (B) itself is separated into 
two layers of smooth muscle cells, the longitudinal (1) and 
the circular (c). Between these two layers lies the myenteric 
plexus containing the intestinal cells of Cajal (ICC), which 
form the central unit for the coordination of motility of 
the small bowel. The ICC is an independent pacemaker for 
smooth muscle contraction that is regulated by hormones 
and by vagal or sympathetic nerve stimulation 



interstitial cells of Cajal (ICC). The ICC serve as electri- 
cal pacemakers generating slow waves in the Auerbach 
plexus of the stomach and the small intestine, helping 
to define the contraction rate of the circular smooth 
muscle layer characterized by dominating radial short- 
enings, torsion, and shear (Deetjen et al. 2006). 

The motility itself is created by a coordination of 
the two peristaltic reflex phases. The oral phase con- 
sists of the contraction of the circular muscle layer 
with concomitant relaxation of the longitudinal layer. 
The second phase, the so-called caudate phase of the 
peristaltic reflex, corresponds to the relaxation of the 
circular muscle in conjunction with the contraction 
of the longitudinal muscle. The coordination of these 
phases produces the actual propagation of the bowel 
content from the pylorus to the terminal ileum and 
cecum (Husebye 1999). 

Many factors have a direct influence on either the 
ICC or smooth muscle layers, including the locally 
secreted hormones acetylcholine, tachykinin nitric 
oxide, glucagon-like protein, and vasoactive intesti- 
nal peptide (VIP). Bowel motility is also influenced 
by extrinsic hormones such as insulin and adrenalin. 
Another factor impacting motility is the content of 
the food. Unabsorbed fat or protein in the ileum 
delays the passage of the chyme through the small 
intestine, the so-called ileal brake. Glucose by con- 
trast is a strong stimulant to the peristalsis. Changes 
in intestinal pH also have a clear influence on peri- 
stalsis and the transit time in the small bowel. 
Theoretically, pathological changes such as the neu- 
ropathy of diabetic patients may alter motility, con- 
traction frequency, and contraction strength of the 
small bowel wall. There are also reports of decreased 
motility with advancing age, a phenomenon that may 
be indirectly related to an age-related shift in pH as 
well as other functional concomitants of aging. 

Overall, the "brain in the gut" is a complex sys- 
tem with many contributing factors, making struc- 
tured research and clear diagnosis very difficult 
(Thomson et al. 2003a, b). 

Normal values for a well distended small bowel 
average around 8-11 contractions per minute, for the 
large bowel 1-3 contractions per minute, these usu- 
ally grouped in series of five contractions followed by 
aperiodof"silence"(BASSOTTietal.2005). Contraction 
frequency is not the only general parameter of func- 
tion; the transit time is also a marker of overall func- 
tion. Normal transit time for the small bowel is a 
nearly constant 30-60 min for liquids and 4-5 h for 
solid food (Gryback et al. 2002; Rauch et al. 2009). 
The transit time for the colon is much longer, varying 
widely from 1 hour to as long as 3 days. 
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Intestinal function is normally measured indi- 
rectly by assessing the transit time as a surrogate 
marker. Although visualization and quantification of 
small bowel wall motion are still not done clinically 
on a routine basis, the results of initial experience and 
first clinical studies are highly promising. Further 
investigation is needed to better understand the clini- 
cal importance and therapeutic consequences of small 
bowel motility. This chapter will therefore focus on 
the various modalities for characterization and mea- 
suring of small bowel motility, with special emphasis 
on the possibilities of MR motility imaging. 



14.1.2 

Current Measuring Techniques 

Small bowel function is currently measured using 
scintigraphy, manometry, and assessment of the 
impedance of smooth muscle contractions. 

14.1.2.1 
Scintigraphy 

Scintigraphy is an inexpensive, simple, and noninva- 
sive method to track and measure small bowel transit 
velocity using radio-labeled solid and/or liquid food. 
Typically, scintigraphy evaluates gastric emptying 
and small bowel and colonic transit (Ziessman 1992). 
Patients are therefore usually required to fast over- 
night prior to receiving a standardized meal radio- 
labeled with a small amount of Tc-99m (half-life: 6h). 
The normal dosage is 37MBq for gastric and small 
bowel emptying studies or 3.7MBq of In-Ill (half- 
life: 2.8 days) for small bowel, colon transit, or whole 
gut transit studies (Mullan 1996). For whole gut 
transit studies, gastric acid resistant capsules can be 
administered. After ingestion, the movement of the 
radiation-emitting bowel content is tracked by repeti- 
tive gamma camera measurements over 6h for gas- 
tric and small bowel-transit studies and 24-48 h for 
whole gut transit studies (Mullan 1996). The transit 
times for the small bowel and the colon are obtained 
by detecting when the tip of the radio-labeled bowel 
content reaches the terminal ileum and the rectum, 
respectively. Since this requires a high frequency of 
image acquisitions, semi- quantitative measurement 
of the small bowel and colon transit times, is usually 
performed at predefined time points after ingestion 
of the radioactive material (Madsen et al. 2000). 
Using the region of interest technique, different clear- 
ance indices are calculated for the small bowel and 




Fig. 14.2. Normal gut transit scintigraphy. Normal whole 
gut transit scintigraphy in a healthy male subject shown by 
repetitive planar anterior scintigraphic images of the abdo- 
men up to 36 h after ingestion of a gastric acid resistant cap- 
sule containing 3.7 MBq of In-Ill. The small bowel transit 
time (SBT) is 81%, the CTI after 4h (CTI4) 2.07 and the CTI 
after 24h (CTI24) 2.8 

colon. For the small bowel, the percentage of radioac- 
tivity cleared to the colon at 6 h is calculated. If more 
than 41% of the radioactivity is emptied to the colon 
by this time, then the small bowel transit is consid- 
ered as normal (Fig. 14.2). Since the colonic transit 
takes longer and the colonic frame with its different 
segments is easy to detect even on planar scinti- 
graphic images, colonic transit is evaluated semi- 
quantitatively by dividing the colon into four 
segments, the ascending colon, transverse colon, 
descending colon, and recto-sigmoid, ending with the 
loss of radioactivity with the stool. The radioactivity 
loss is calculated by subtracting the decay-corrected 
residual bowel radioactivity from the ingested dose at 
24 h postadministration. The colon transit index 
(CTI) is calculated at 4 (CTI4) and 24 (CTI24) hours 
as the geometric center of the count percentages in 
the four segments and the stool (only at CTI24). Colon 
transit is considered as normal, if the CTI4 is between 
0.8 and 1.4 and the CTI24 between 1.7 and 4.0 (Fig. 
14.3). In general, no gender or age-specific differences 
have been demonstrated, although considerable 
intra- individual differences are noted when repeated 
examinations are performed (Argenyi et al. 1995). 

The scintigraphic techniques just described are 
well established and have been used for decades. They 
are easy to apply and patient- friendly. The patient is 
only exposed to minimal irradiation (effective doses: 
0.2mGy/37MBq for Tc-99m; 0.3mGy/3.7MBq for 
In-Ill) (Mullan 1996). The spatial and temporal 
resolutions of planar scintigraphic images are very 
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Fig. 14.3. Delayed small bowel transit. The same healthy male 
under morphine medication. The images show clearly delayed 
whole gut transit. The small bowel transit time (SBT) is 0%, the 
CTI after 4h (CTI4) 0.05 and the CTI after 24 h (CTI24) 2.07 

low, and there are no anatomical landmarks to reli- 
ably localize pathologic changes within the bowel. 
The scintigraphic method is a typical transit measur- 
ing tool that allows no direct statements regarding 
the actual motility of the bowel wall or the detailed 
segmental propagation of the bowel content. 

14.1.2.2 
Manometry 

Manometry evaluates GI function by measuring pres- 
sure changes within segments of the GI tract. In clini- 
cal practice, esophageal and anorectal manometries 
are routinely used to study patients with dysphagia, 
chest pain, or reflux symptoms, and fecal incontinence 
or obstructive defecation, respectively (Pandolfino 
and Kahrilas 2005). Easy accessibility explains why 
manometry is mainly implemented in the esophagus 
and rectum, other segments of the GI tract (stom- 
ach, small and large intestine) being more difficult 
to access. Motility testing of these segments is fre- 
quently limited to monitoring their contractile activity 
(Barnett et al. 1999). 

For the small intestine the majority of clinical 
experience has been with multichannel pressure 
catheters (solid-state or water perfused) positioned 
across the antrum, through the pylorus into the duo- 
denum and proximal jejunum (Fig. 14.4). The catheter 
is positioned either with endoscopic assistance or by 
attaching a small balloon to the tip of the catheter, 
inserting the tube the night before the examination 
and hoping that the GI activity will advance the balloon 




Fig. 14.4. Small bowel (duodenal) manometry. The catheter 
is placed across the pylorus into the duodenum and proxi- 
mal jejunum. Pressure transducers spaced 5-10 cm apart are 
used to measure intraluminal pressure changes. The num- 
bers 1-5 indicate measuring points, representing the location 
of measuring for the plots in Fig 14.5 

distally. Correct positioning is usually verified radio- 
logically (Malagelada and Stanghellini 1985). 

Recently, combined wireless pressure and pH cap- 
sules were used to obtain information on the ampli- 
tude of contractions as they traverse the stomach and 
small intestine (Camilleri et al. 2008). 

Small bowel motility is evaluated by quantifying per- 
istaltic activity in the inter-prandial period (Fig. 14.5). In 
addition to meals, breathing, body position, and any 
activity that increases intra-abdominal pressure (e.g., 
coughing, sneezing, laughing) lead to artifacts in 
small bowel manometry that may hamper evaluation 
and diagnosis. Despite these challenges and its rela- 
tive invasiveness, small bowel manometry is regarded 
as the gold standard for evaluating small bowel 
motility. It complements scintigraphy as it provides 
information on the contractility of defined segments 
of the small intestine. 

14.1.2.3. 

Impedance Measurement 

A further technique only used for basic physiological 
studies is the measurement of impedance on the 
surface of the small bowel wall. The electrical current 
of smooth muscle depolarization is measured as a 
function of its contraction. This technique can be 
compared to electrocardiography, but since the small 
bowel possesses only a small layer of smooth muscle 
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Fig. 14.5. Plot of small 
bowel manometry. Small 
bowel manometry record- 
ing depicting migrating 
motor complexes (MMCs) 
as measured by individual 
pressure transducers in 
the duodenum (Dl-5) 




cells the measurement has to be done directly on the 
surface of the organ. This technique is therefore not 
applicable to human subjects and will presumably 
never be used in clinical practice (Soybel 1994). 



14.1.3. 

Magnetic Resonance Imaging 

The application of MRI as a tool to depict and moni- 
tor small bowel motility is quite a new concept, but 
could have a clear impact on the understanding of 
small bowel physiology and the diagnosis of small 
bowel pathologies. In this chapter we will introduce 
the technique of MRI of bowel wall motion, its cur- 
rent application in routine clinical practice, and pro- 
vide an overview of possible future applications. 



14.2 



Technique 
14.2.1 

Preparation 

To achieve high-quality MR images of the small 
bowel and its motility the patient must be properly 
prepared. Distention is achieved either by apply- 
ing the agent through a naso-duodenal catheter 
(MR enteroclysis; see Chap. 9) or by oral ingestion 
(MR enterography; see Chap. 8). For oral preparation, 
the patient typically abstains from eating any solid 
food for at least 4h prior to the exam. One hour prior 
to MRI, the patient is asked to drink a solution that 
properly distends the small bowel (see also Chap. 3). In 
the literature various preparation techniques are 



described for small bowel imaging, differing in the dis- 
tension mechanism using gelifiers, osmotic acting, or 
macromolecular solutions. Contrast enhancers such as 
ferumoxsilum, barium sulfate, or paramagnetic liquids 
such as gadolinium or various fruit juices maybe added 
as needed (Debatin and Patak 1999). A standard- 
ized, homogenous, and good distention of the small 
bowel lumen facilitates differentiation of the indi- 
vidual bowel wall layers and thus the assessment of 
motility. It is also an important prerequisite for diag- 
nosis of wall pathologies. It must be borne in mind, 
however, that the degree of filling itself might be an 
indirect inducer of small bowel motility. In fact, the 
intraluminal filling, its chemical composition, and its 
potential breakdown by intestinal bacteria might well 
influence peristaltic motion (Spiller et al. 1987). 

Various distending agents are applied in clinical 
routine for MR enterography. Like the methylcellu- 
lose gels used in enteroclysis, they assure a standard- 
ized and well reproducible distention together with a 
homogenous intraluminal signal quality. In practice, 
the choice of distender depends on factors such as 
patient compliance, availability and approval, adverse 
events, cost, and experience. To achieve comparabil- 
ity and reproducibility of results, it is advantageous 
for each institution to employ a uniform distention 
scheme. No data have yet been published assessing 
the influence of these various distenders on motility 
itself. 

One of the most frequently used agents is a man- 
nitol solution containing 30 g of the sugar alcohol 
monomer mannite dissolved in 1,000 mL of tap water 
(3% M/V) (Schunk et al. 2000). The white crystalline 
powder is simply dissolved in water shortly before 
starting preparation. This hypoosmolar solution has 
a slightly sweet flavor and is well appreciated by 
patients; it poses no compliance problems. Because 
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mannitol is not absorbed, it slightly impedes water 
absorption and thus has the advantage of not increas- 
ing diuresis. Other agents are aqueous polyethylene 
glycol (PEG) -solutions, psyllium seed husks such as 
Metamucil or locust bean gum gels (Lauenstein 
et al. 2003). Each of these distending agents presents 
specific advantages, but also drawbacks regarding 
their practicability and clinical feasibility. All of these 
oral distenders should be taken continuously over a 
period of 45-60 min, the patient being asked to drink 
the agent one glass at a time every 5-10 min. Optimal 
preparation ends with the last glass being taken on the 
MRI table. This should help to optimally distend the 
stomach and duodenum for the MRI examination. 

Positive and negative luminal contrast enhancers 
can be used in MRI of the GI tract, but are not essen- 
tial for motility studies. The choice will depend on 
various factors such as the preferred image weight- 
ing, ability to distinguish the lumen from the bowel 
wall, the labeling of luminal content, or to improve 
the demarcation of the GI tract from surrounding 
tissue. Typically on Tl -weighted sequences the lumen 
is rendered with a negative contrast agent to allow 
the use of i.v. gadolinium for the wall enhancement. 
On T2-weighted sequences water or even normal GI 
liquid will appear signal intensive towards a rather 
negative wall. 

If the scheduled exam is specifically dedicated to 
motility imaging using ultra-fast Tl -weighted pulse 
sequences the oral solution should be spiked with 
lOmL of gadolinium-DOTA (Dotarem, Guerbet, 
Aulnay sur Bois, France) per liter. The oral application 



constitutes off-label-use, but has been proven to be 
safe without disso ciation of any gadolinium ( Sch w i ze r 
et al. 1994). A strong and homogenous Tl -contrast is 
achieved in the MRI by adding oral gadolinium to the 
intraluminal contents, improving the cutoff between 
bowel wall and bowel content (Patak et al. 2001). 
Nevertheless, in the case of wall abnormalities it 
should not be used in combination with i.v. contrast. 
The combined use of oral and i.v. gadolinium lowers 
the contrast and the delineation of the bowel wall and 
diminishes the diagnostic quality of both motility 
imaging and standard MR enterography of the small 
bowel (Fig. 14.6). Negative contrast enhancers such as 
ferumoxsil (Lumirem®, Guerbet, Aulnay sur Bois, 
France or Covidien, Mansfield, MA) lead to a signal 
decrease both on T 1 - and T2-weighted pulse sequences. 
The signal decrease within the lumen usually exceeds 
that of the bowel wall. Nevertheless, ferumoxsil might 
impede the visualization of subtle mucosal changes 
due to susceptibility artifacts, which may obscure the 
interfaces in PD or T2-weighted pulse sequences 
(Maccioni et al. 2006). 

Once the contrast agent has been administered, 
the patient is then preferably placed into the magnet 
in the prone position, which reduces displacement of 
the bowel out of the image slice of interest. Even in 
case of prolonged motility measurements and despite 
respiration, the bowel loops remain stable in their 
original location thus improving reproducibility. 

Another important practical aspect of prepara- 
tion is to train the patient for the breath hold phases. 
An effective and easy way to substantially prolong 



Fig. 14.6. Planning 
sequence. Motility imaging 
sequences are coronally 
oriented and cover the 
entire abdomen without 
gap. The slice thickness of 
each sequence is 10 mm. To 
include all sections of the 
small bowel the coronal 
plane must be inclined 
into the pelvis as dem- 
onstrated on the sagittal 
planning images 
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the apnea phases is to have the patient prepare for 
the breath hold by hyperventilating. When the patient 
is ready for the breath hold sequence, he simply 
presses the alarm knob as a sign to start. As is true 
for virtually all MRI examinations, it is important for 
the success of this procedure that it is explained to 
the patient prior to the exam. 



14.2.2 
Imaging 

The details of the mentioned sequences are 
described in Table 14.1, for a detailed discussion of 
the sequences see Chap. 1 also. The best way to start 
MRI after the survey is to use coronal imaging to get 
an overview of the entire abdomen and pelvis (Fig. 
14.6). Preferable for this purpose is a so-called rapid 
2D T2-weighted single-shot fast-spin echo (FSE) 
pulse sequence that is almost unaffected by bowel 
motion (haste, single-shot turbo spin echo, single- 
shot free precession (SSFP) ) (Fig. 14.7). This imag- 
ing sequence allows planning of a range of stacks 
within the abdomen to cover the entire small bowel. 
The essential sequence to assess small bowel motil- 
ity is a fast cine sequence using either fast 
Tl -weighted gradient echo or fast T2-weighted 
SSFP or echo planar imaging sequences with a max- 
imum repetition time of one second. These 
sequences allow the repeated acquisition of images 
every 500-1 ,000 ms on the same plane for one breath 
hold period (Fig. 14.8). The apnea training should 
allow the dynamics to be acquired over 25 s per 
imaging plane. With a slice thickness of 10 mm, the 
whole abdomen can be covered in repetitive coronal 
planes without gaps. Depending on the patient's 
size, the number of required imaging planes, each 
representing a cine sequence, lies between 10 and 



25. The total required imaging time for specific 
motility imaging is about 10-15 min. In most cases, 
this will be combined with a standard MR enterog- 
raphy of the small bowel (Fig. 14.9) (see also Chap. 8). 
It is important to note that motility images must be 
acquired prior to execution of a standard small 
bowel imaging protocol so as to avoid interference 
with the administration of a spasmolytic drug such 
as glucagon or rc-hyoscine (Buscopan®, Boehringer 
Ingelheim, Basel, Switzerland). 




Fig. 14.7. Overview of the small bowel prior to motility im- 
aging. Coronal T2-weighted single-shot fast spin echo image 
covering the whole abdomen. This sequence gives an overview 
prior to small bowel motility imaging. Rapid image acqui- 
sition reduces movement artifacts generated by small bowel 
motility. It is therefore ideal as a sequence for planning the 
actual motility imaging and to obtain a complete overview 



Table 14.1 List of MR-parameters for small bowel motility imaging for different vendors 



Vendor 


Sequence acronym 


Parameters 
















Plane 


TR 


TE 


Flip 


Matrix 


Slice thickness 


Parallel factor 


Philips 


3D bFFE 


Cor 


4.4 


1.3 


20 


512 x 512 


5 


2 




2D FFE 


Cor 


3.4 


1.4 


25 


256 x 256 


10 




Siemens 


Haste 


Cor 


1010 


80 


90 


512 x 512 


6 






TruFisp 


Cor 


283 


1.9 


55 


256 x 256 


10 
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Fig. 14.8. Display of motility. Coronal cine steady-state free 
precession images of small bowel motility (arrow) acquired 
on the same imaging plane with a slice repetition time of one 



second. Magnified section of the upper right abdomen show- 
ing a normally distended (A) small bowel segment shortly 
after a contraction (B) followed by renewed distention (C) 



A 


B 


c 

M it / 





Fig. 14.9. Standard MR enterography. MR enterography of 
a 28-year-old female suffering from Crohn's disease. The 
coronal SSFP images show wall thickening in the terminal 
ileum (arrow) as well as in sections of the preterminal ileum 
and transverse colon (arrowhead) (a). The corresponding 
dynamic contrast enhanced 3D Tl-weighted fat-saturated 
coronal images show strong and early enhancement in the 
wall of the terminal ileum (arrow) indicating active dis- 
ease (b). The corresponding 2D Tl-weighted transversal fat 



satuarated images confirm the marked wall enhancement 
and the strong multi-layered contrast enhancement of the 
small bowel wall, which is strongest in the submucosa (ar- 
row) y indicating active disease (c). Motility images (coronal 
cine steady-state free precession sequence) are acquired 
routinely prior to the standard MR enterography showing 
thickened bowel wall of the terminal ileum (arrows) (d). 
The affected small bowel showed no motility in the cine 
sequences 
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14.2.3 

Data Analysis 

Once the dynamic images have been acquired the 
two-stage review or postprocessing phase begins. The 
first, qualitative, stage consists of visual assessment of 
the acquired sequences as cine loops to obtain an 
overview of the small bowel motility (Fig. 14.10). The 
best way to review motility is to display the cine images 
about two to three times faster than they were actually 
acquired. Using the cine loops, the reviewer compares 
the different sections of the displayed small bowel 
segments on the various imaging planes. The aim of 
this phase is to identify segments with apparent nor- 
mal motility and segments with disturbed motility. 
Usually most of the displayed segments present with 
approximately the same bowel wall motion pattern 
consisting of regular contractions. There may also be 
segments which stand still, move slower, or much 
faster. The direct comparison of segments displaying 
normal motility with abnormal segments is especially 



helpful in providing an overview perspective. 
Segments that display a comparably diminished or 
absent motility are usually indicative of pathologic 
changes in the bowel wall. In our experience, the body 
generally reacts to a pathologic stimulus on the bowel 
wall with a reduction of motility. Inflammatory pro- 
cesses can lead to a concomitant bowel wall thicken- 
ing, the two in combination being capable of generating 
a stenotic process. Most of the time such stenoses are 
readily depicted by motility imaging because they do 
not display any motion on the cine sequences. 
Segments that are upstream are usually dilated and 
produce a more intense motility with a higher fre- 
quency and amplitude close to the stenoses. 

The second, quantitative, stage consists in assessing 
the bowel wall motion and peristalsis by measuring 
the cross-section diameter change overtime (Froehlich 
et al. 2005). A well-distended, seemingly "normal" seg- 
ment is selected within the plane to serve as the stan- 
dard of reference. Abnormally moving segments are 
selected as well. If no normally moving segment is 
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Fig. 14.10. Cine display 
mode. The acquired 
cine MR images can be 
displayed on our PACS 
workstation in cine display 
mode. The qualitative 
analysis of each imaging 
plane in this mode helps 
to differentiate between 
normal and abnormal 
loops. The images are usu- 
ally displayed 2-3 times 
faster than acquired to 
emphasize motility differ- 
ences between normal and 
pathologic sections 
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Fig. 14.11. Defining 
measuring points for 
quantitative analysis. 
Several small bowel seg- 
ments are identified to 
quantitatively assess small 
bowel motility in the cine 
mode display. On each of 
these measuring points, a 
cross-sectional diameter 
is placed perpendicularly 
to the long axis of the 
selected small bowel sec- 
tion. These measuring 
lines have to be propa- 
gated throughout the com- 
plete imaging stack and 
then manually adjusted on 
every image to reproduce 
motility 




detectable, best would be to select standardized group 
of segments from different regions of the small bowel 
such as proximal and distal jejunum and ileum. On 
these normal and abnormal segments a cross-sectional 
diameter is placed at a right angle to the long axis of 
the respective small bowel segment (Fig. 14.11). These 
cross-sectional measurement lines must be propa- 
gated throughout the whole series within that image 
plane and adjusted manually on each image to repre- 
sent the cross-sectional diameter variations on the 
particular segment. Alternatively, cross-section areas 
of the lumen may also be used on certain workstations 
and measured over time (Fig. 14.12). 

These diameter measurements are then exported 
and plotted over time using normal spreadsheet pro- 
grams (Fig. 14.13). These plots allow the differentiation 
of normal motility from abnormal as discussed below. 

The part of data analysis, from image to the plot is 
the most challenging part of small bowel motility 
imaging. Qualitative analysis can be easily done on a 
workstation directly after the examination has taken 
place. All modern PACS stations or reconstruction 
workstations provide a cine loop display mode, which 
is enough to qualitatively validate small bowel motil- 
ity. The qualitative phase takes about 10-15 min 



review time. The quantitative measurement is some- 
thing completely different. It has to be done off-site 
and off-hours. The measurement is extremely time 
consuming and is at the moment only applicable in 
research centers with specialized infrastructure. To 
evaluate one measuring point on one image series of 
about 30 acquisitions takes about 5 min, the export of 
data, import into Excel and display the measure- 
ments as a plot takes another 5- 10 min. Both analyz- 
ing methods, the qualitative and the quantitative, 
need some experience, but the learning curve is steep 
and differences between normal and abnormal are 
obviously distinguishable most of the time. 

Measurement by hand is very time consuming, 
limits exploitation, and places a point of error in the 
assessment of small bowel motility. Software has, 
therefore, been developed to automatically measure 
these small bowel diameter variations and display 
them as a plot over time (Fig. 14.14). Dedicated soft- 
ware not only greatly speeds up the second stage of 
reviewing motility images, but also guards against 
user generated error. It also enables structured, well- 
standardized analysis of small bowel motility. 

Once the plot is drawn several additional param- 
eters are evaluated to interpret the motility curves 
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Fig. 14.12. Cardiac soft- 
ware for small bowel 
motility analysis. Another 
option for measuring 
small bowel motility is to 
use a vessel analysis pro- 
gram that automatically 
measures a cross-sectional 
area over time. Instead of 
applying this algorithm 
to a vessel the software is 
applied to cross-sectional 
small bowel images. 
These images are usu- 
ally acquired in a sagittal 
plane to ease the display 
of cross-sectional small 
bowel 
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Fig. 14.13. Normal small 
bowel contraction curve. 
Plot of a small bowel cross- 
section diameter measured 
over time. The plot is 
characterized by regular 
contractions (arrows) and 
a quite constant amplitude 
(grey block). The rhythmic 
wave-like form of the curve 
resembles a sinusoidal 
form 
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Fig. 14.14. Motasso software analysis. Quantitative analysis 
is important for small bowel motility imaging. Measuring 
by hand is enormously time consuming and impedes imple- 
menting these methods in clinical practice. A new program 
is being developed to semi-automatically analyze small bowel 



motility. By only setting the measuring point and defining the 
measuring direction the program can automatically assess 
small bowel diameter changes and display them as a plot over 
time. For more information refer to: www.motasso.ch 



leading to a possible diagnosis. The four parameters 
commonly extracted from these plots are the mean 
cross-section diameters, the wave amplitudes, the 
contraction frequencies over time, and the overall 
wave forms of the curves (Fig. 14.13). These four 
parameters will form the basis for our discussion of 
the different pathologies in the following. 



14.3 



In Vivo Results of Peristaltic Motion Using 
Dynamic MRI 

Many pathologies of the small bowel can alter small 
bowel motility (diabetes, obstipation, functional 
dyspepsia, irritable bowel syndrome, and visceral 



inflammatory neuropathies) (Jones and Bratten 
2008). Some of them have already been examined 
with dynamic MRI in studies that show this imaging 
technique to be very promising for visualization and 
quantification of motility changes. Nevertheless, 
manometry remains the gold standard for motility 
quantification. As described above, MRI motility 
interpretation is based on bowel wall motion-plots 
over time, the basic display method for quantitative 
motility measurement. Furthermore, the cine loop 
images allow qualitative assessment by displaying 
the contractions as short movie sequences. 

It has to be emphasized, though, that this technique 
is still undergoing early clinical evaluation so that a 
deeper understanding and practical interpretation of 
the various alterations need still to be established. 
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14.3.1 

Displaying Normal Motility with MRI 

Normal motility has been visualized, described qual- 
itatively and quantitatively, and reproduced in sev- 
eral studies (Froehlich et al. 2005, 2009) 

The plot of normal motility closely resembles a 
sinusoidal curve with a base line frequency between 9 
and 11 contractions per minute, amplitudes between 15 
and 30 mm, and mean diameters of roughly 5-35 mm 
(Fig. 14.13). Especially the cross-section diameters can 
show a wide variability depending on the filling status 
and local activity. In our experience, the general form of 
the curve, the mean diameter, and the frequency are the 
most important parameters to explore for diagnosis. 



14.3.2 

Postoperative Ileus and Its Recovery Phase 

Postoperative ileus is a common problem without a 
clearly defined underlying physiological mechanism 
(Behm and Stollman 2003). Until the introduction 
of MRI motility measurements, little data had been 
published on the recovery phase of small bowel motil- 
ity. Thirty patients were included in a prospective 
study of small bowel motility 3-5 days post major 
abdominal surgery (colectomy or rectum resection) 
(Patak et al. 2007a). They were placed in the magnet 
in a supine position without any specific oral prepa- 
ration or distending agent. Standard imaging was 
done as mentioned above. In each patient four mea- 
surement points from the proximal jejunum to distal 
ileum were assessed (Fig. 14.1 1). Based on the data of 
these 30 patients, four distinct postoperative patterns 
of small bowel motility could be defined: (1) absent 
motility corresponding to ileus, (2) shivering, (3) 
uncoordinated contractions, and finally (4) wavelike 
normal motility (Fig. 14.15). It seems that the recov- 
ery phase of small bowel motility has a standard and 
distinguishable evolution. The known temporal 
course of the recovery phase after abdominal surgery 
starts with an ileus represented in the plot as a 
strongly dilated lumen without any amplitude that 
denotes complete cessation of motility (Fig. 14.15a). 
The first step of recovery seems to be a slight contrac- 
tion of the lumen as a sign of initial smooth muscle 
cell activity. During this early phase there is hardly 
any bowel wall motion except some slight shivering 
(Fig. 14.15b). Slowly bowel wall motion starts to 
develop, but does not present a regular, rhythmic con- 
traction pattern and therefore the amplitude appears 



to vary from contraction to contraction (Fig. 14.15c). 
Once this irregular phase has passed a normal sinu- 
soidal curve ensues with regular contractions and 
constant amplitudes that correspond to normal motil- 
ity (Fig. 14.15d). This study was the first to describe 
the phases of small bowel motility both visually and 
quantitatively following various abdominal surgical 
interventions 3-5 days after the surgical procedure. 

It should be emphasized that patients in the study 
received no oral preparation or any other interven- 
tions or drugs during the procedure. Imaging without 
preparation extends the utility of the tool to be used 
without preparation being completely noninvasive. 
As shown in this study, it should be possible to obtain 
motility measurements and to visualize motility by 
simply placing the patient into the magnet without 
any specific oral preparation phase or intervention. 



14.3.3 

Impact of Drugs on Small Bowel Motility 

MRI can be used to monitor motility changes after 
administration of a pharmaceutical compound. Both 
spasmolysis and prokinetic effects are of particular 
interest. The advent of MRI has made it possible to 
localize pharmacologic activity. Several studies have 
demonstrated its utility by injecting n-hyoscine butyl 
bromide (Buscopan). One study on ten volunteers 
compared the impact of hyoscine versus that of glu- 
cagon at 60-min follow up (GlucaGen Novo Nordisk, 
Kiisnacht, Switzerland) (Fig. 14.16) (Froehlich et al. 
2009). They underwent two separate MR examina- 
tions, one with Buscopan and one with glucagon as 
paralyzing agent. Intravenous injection of an anti- 
peristaltic agent produces a rapid onset of aperistal- 
sis for both drugs. Glucagon induced complete 
aperistalsis within 25 s in all subjects, hyoscine was in 
only 50% of the volunteers. The most important 
parameter of these drugs is the duration of the com- 
plete arrest or aperistalsis they induce, which is sig- 
nificantly longer for Glucagon (18.3 ± 7min) than for 
hyoscine (6.8 ± 5.3 min). Further studies are war- 
ranted to explore these results in larger clinical trials 
or with other administration routes such as the intra- 
muscular one. 

In another study a prokinetic agent (Metoclopramid, 
Paspertin®, Solvay Pharma, Bern, Switzerland) used to 
monitor motility changes showed increased ampli- 
tudes and frequency about 30 s after administration, 
whereas the wash-out of the prokinetic (Fig. 14.17) 
(Froehlich et al. 2005). 
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Fig. 14.15. Postoperative motility plots. MRI measurement 
after colorectal surgery presents with four distinguishable 
motility patterns occurring over time. Immediately after 
surgery the curve represents the postoperative ileus with a 
dilated lumen diameter and almost no contractions (a). The 
first movement of the bowel is a contraction indicated by the 

These three drugs exemplify the possibilities for 
measuring and closely monitoring the impact of any 
given drug on small bowel motility or related adverse 
events. Drugs that are known to induce nausea, con- 
stipation, or diarrhea might be examined to deter- 
mine the exact origin of the side effect and whether it 
is related to the GI system. Again this knowledge 
could help to eliminate or minimize such side effects 
by tailoring administration of the drug. 

14.3.4 

Motility Changes in Inflammatory Bowel 
Diseases 

Roughly 30 years ago conventional enteroclysis was 
introduced (Antes and Lissner 1983; Maglinte 
et al. 1987). Its main advantage over the existing small 
bowel follow-through was its controlled distension 
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reduced diameter; this phase is defined as "shivering" (b). 
In a third phase, uncoordinated contractions are develop- 
ing with an irregular amplitude and irregular frequency (c). 
The last phase represents complete recovery. Similar to the 
normal motility pattern sinusoidal contraction waves are 
produced (d) 

and its ability to perform combined evaluation of the 
bowel mucosal surfaces and motility. A whole classifi- 
cation system was developed around the new tech- 
nique and remained in use for decades (Sellink and 
Rosenbusch 1981). Step by step though conventional 
enteroclysis was replaced by computed tomography 
(CT) and MR enteroclysis and MR enterography. CT 
evaluation of the small bowel completely lacks the 
possibility of displaying motility. MRI was not ini- 
tially able to display motility due to its low temporal 
resolution, but recent speed-up techniques have con- 
siderably extended its potential. Thus, standard MR 
enterography and MR enteroclysis are increasingly 
used for diagnosis or follow-up in small bowel disease, 
especially Crohn's disease (CD) (Gourtsoyiannis et 
al. 2006) (see also Chaps. 8-10). MRI seems to be ide- 
ally suited for small bowel imaging because it has a 
high soft tissue contrast and lacks ionizing radiation, 
which is important for the usually young CD patient 
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Fig. 14.16. Motility plots after injection of a spasmolytic 
drug. Small bowel contractions over time after i.v. injec- 
tion of either lmg glucagon (a) or 40 mg rc-hyoscine butyl 
bromide (HBB, Buscopan®) (b). Both drugs show a rapid 
onset (first arrow) in about 20-30 s. For HBB, only 50% of 



first movement 

the volunteers showed a complete paralysis. In radiology, 
the time period with almost no measured contraction is the 
preferred one from the diagnostic point of view. The effect 
of Glucagon lasts significantly longer than that of HBB (dark 
grey block) 



Paspertin 







"La 













Fig. 14.17. Impact of paspertin. This plot represents normal 
motility in the first phase, followed by i.v. administration of 
rc-hyoscine butyl bromide (Buscopan®) (arrow), then lOmin 
later by the administration of metoclopramide (Paspertin®) 



(arrow head). The impact of the prokinetic metoclopramide 
is indicated by wider amplitudes and a higher frequency 
compared to normal motility 



and for repeated exams. Several studies have shown 
that CD-affected small bowel segments present with 
altered motility, a phenomenon known from fluoros- 
copy. The use of MR motility imaging as an addi- 
tional screening method for CD-related disease 
manifestations produced a significant increase in the 
number of detected lesions as well as a significant 
increase in the number of patients presenting with 
lesions at all. Forty patients were included in a study 



where total of 26 CD-related lesions were found by 
standard MRE, whereas 35 lesions could be detected 
with the use of motility imaging as screening method 
(p = 0.001) (Patak et al. 2007b). Only 25 patients 
were found to have CD by standard imaging com- 
pared to 34 patients identified with the help of motil- 
ity changes (p = 0.007). Clearly, MR motility imaging 
in patients with inflammatory bowel disease has 
improved the diagnosis of CD (Fig. 14.18). 



244 M. A. Patak, C. Von Weymarn, Klaus-U. Wentz et al. 




0 

— Pnestenosis — Stenosis Normal 



Fig. 14.18. Motility changes in CD. MRI of a 32-year-old 
female suffering from CD. The patient has several affected 
bowel segments between normal bowel segments visualized 
at this coronal steady-state free precession images of small 
bowel. Comparable measurements were done at a location 
with highly active disease (asterisk), a prestenotic segment 
(arrow head), and a normal segment (arrow). Displaying the 
plots over time the normal segments exhibit a nearly sinu- 
soidal curve with a medium diameter of 13 mm (dark grey 

14.3.5 

Future MR Motility Imaging Applications 

Several pathologies of the GI tract have not yet been 
studied by MR motility imaging. Foremost among the 
future targets for MR imaging is irritable bowel syn- 
drome (IBS). Studies with manometry suggest that 
aspects of the IBS symptom complex can be explained 
by motility alterations (Gasbarrini et al. 2008). 
About one third of IBS patients present with delayed 
gastric emptying. These patients have no interdiges- 
tive small bowel abnormalities, but they do have clear 
abnormalities in the manometry in the post meal 
phase. IBS has an enormous impact on the everyday 
life of these patients and on health care costs in gen- 
eral. There are estimates that approximately one third 



curve). The highly active segment of CD displays no move- 
ment at all (light grey curve), whereas the prestenotic seg- 
ment shows an increased amplitude with a higher frequency 
(black curve) compared to normal motility. These motility 
plots may indicate affected small bowel sections in patients 
with CD. The coronal 2D Tl-weighted postcontrast image 
correlates well with a highly active segment (asterisk). The 
prestenotic segment (arrow head) and the normal appear- 
ance of small bowel wall (arrow) 

of every consultation in a general gastroenterologist 
is attributable to IBS. Millions work hours per year 
are lost in industry because of sick leave of these 
patients and billions are spent on diagnosing and 
treating IBS patients (Maxion-Bergemann et al. 
2006). It is unfortunate, therefore, that a standardized 
diagnosis and a targeted therapy have yet to be estab- 
lished. Hopefully, MRI and specifically MR motility 
imaging can at least in part fill this diagnostic deficit. 
Large studies are needed to assess motility changes in 
IBS patients and eventually develop a classification 
that can be used for targeted therapy. 

Other functional diseases of the small bowel 
should be amenable to assessment by MRI. 
From our point of view, this technique gives a wel- 
come boost to the examination, localization, and 
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interpretation of motility disorders that was not 
possible before. 



14.4 



Motility Measurement: Which Technique 
for What Task? 

Different techniques to measure motility have been 
introduced and compared with one another. The 
clear technical differences between the techniques 
lead to different indications. This part of the chapter 
attempts to delineate the ideal measurement tool for 
a dedicated clinical request. 

14.4.1 
Ultrasound 

The use of ultrasound in evaluation of small bowel 
motility is often used in a qualitative way obtaining 
information during abdominal ultrasound. Only a 
few studies use ultrasound to monitor small bowel 
motility (Dell'Aquila et al. 2005; Gimondo and 
Mirk 1997). Imaging motility and evaluation fre- 
quency and amplitude seems feasible with ultra- 
sound. The limitation of the technique clearly lies in 
the limited coverage and its user dependency. 
Therefore, the use of ultrasound is mostly to provide 
a general overview of the visible segments, but should 
not be used as a dedicated technique to display over- 
all small bowel motility. 

14.4.2 

Scintigraphy 

The low resolution of scintigraphic imaging does not 
allow localization of an anatomical point of interest. 
It does, however, allow easy tracking of the tip of a 
radio-labeled meal and its propagation through the 
GI tract. It can produce an overview and measure 
the transit time in the small bowel and colon. MRI on 
the other hand is not very cost-effective for measur- 
ing transit time. 

As mentioned above, the strength of scintigra- 
phy lies in its overall display of bowel function, 
which enables ready diagnosis of diffuse or sys- 
temic diseases associated with an overall prolonged 
transit time. Diseases such as diabetic neuropathy 
or hormonal imbalances can be diagnosed with 
scintigraphy. 



14.4.3 
Manometry 

Because manometry involves insertion of a tube into 
the GI tract to measure pressure changes, it has clear 
advantages in proximal GI systems such as the 
esophagus or the stomach. The placement of a lon- 
ger tube (sometimes 2-3 m long) to monitor bowel 
motility beyond the ligament of Treitz is extremely 
unpleasant for the patient and cumbersome for the 
examiner. For this reason, manometry for bowel seg- 
ments beyond the ligament of Treitz is performed by 
only a few centers worldwide. The migratory motor 
complex (MMC) produces a wave-like propagation 
of contractions starting from the duodenum and 
continuing through the entire small bowel system. 
Manometry can be a useful diagnostic tool for eval- 
uating the MMC and its changes in the jejunum or 
ileum. 

Compared to MRI, manometry is able to scan a 
larger section of small bowel in a single measure- 
ment, but only incrementally. There is an ongoing 
discussion as to whether the insertion of the measur- 
ing tool alters motility, thus creating a technical bias. 
The recording of pressure waves as applied in 
manometry has not yet been correlated with the 
peristaltic small bowel wall movement observed with 
dynamic MRI. 



14.4.4 

MR Motility Imaging 

MRI is an easily applicable tool for the assessment of 
small bowel motility. There is no ionizing radiation 
and it can be applied totally noninvasively. It is the 
only tool that can visualize small bowel wall motion 
and analyze small bowel motility at virtually any 
given point within the small bowel. Its high- 
resolution imaging of the abdomen enables evalua- 
tion not only of selected segments of the small bowel, 
but also of virtually the whole organ. The greatest 
obstacle to its general adoption should be removed 
with the introduction of software-assisted quantita- 
tive measurements. We recommend performing 
motility measurements prior to any MRI exam on 
the small bowel especially for the detection of 
CD-related changes and other pathologies. MR 
motility imaging can be used as a tool for basic 
physiological research or in drug research to evalu- 
ate the impact of the administered drug on small 
bowel motility and function. Thus, visualization and 
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quantification of small bowel motility using MRI 
promise to improve the diagnostics of small bowel 
pathologies or related problems. 



14.5 



Conclusion 

Until now no technology has been available that 
could be applied noninvasively to assessment of 
small bowel motility. The introduction of MR motil- 
ity imaging could fill this gap. The appropriate MRI 
sequences can be implemented on almost every MR 
system and are easy to execute. There is clear evi- 
dence that the evaluation of motility alterations may 
help to increase the sensitivity and specificity of MRI 
of the small bowel. Further studies are needed to 
establish fundamental classifications of motility dis- 
orders as assessed by MRI. 
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KEY POINTS 



The peritoneum forms an extensive network of 
serous membranes that line the abdominal cavity 
and coat the abdominal viscera. Involvement of the 
peritoneum by inflammatory and neoplastic dis- 
eases can be exceedingly challenging to image. The 
high contrast resolution of MR imaging makes it 
uniquely suited for depicting peritoneal disease. 
Abnormal peritoneal enhancement and thickening 
are extremely sensitive indicators of peritonitis or 
peritoneal tumor. Delayed gadolinium-enhanced 
MR images are most sensitive for depicting perito- 
neal inflammation and carcinomatosis owing to 
their slow accumulation of contrast material. 
Peritoneal disease also shows restricted diffusion 
and is displayed as areas of high signal intensity on 
diffusion-weighted MR imaging. Compared to 
helical CT and PET, MR imaging is a more sensitive 
test for depicting small volume peritoneal tumors 
and carcinomatosis. 



Introduction 

The peritoneum is a serous membrane that lines the 
abdominal cavity and is composed of mesothelial 
cells and connective tissue with a rich intervening 
network of vessels and lymphatics. The parietal 
and visceral layers of the peritoneum line the 
abdominal cavity, cover the internal organs and 
viscera, and form numerous mesenteries and liga- 
ments that connect organs to the abdominal wall 
and to each other (Meyers 2000). In the adult, this 
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extensive network covers over two square meters of 
peritoneal tissue. The peritoneum plays an impor- 
tant role in the dissemination of tumor throughout 
the intraperitoneal cavity. Intraperitoneal seeding of 
tumor cells resulting in peritoneal carcinomatosis or 
directing the spread of tumors along peritoneal 
reflections and ligaments occurs with many malig- 
nancies. The peritoneum is thus closely involved in 
the spread of tumor throughout the intraperitoneal 
cavity. A thorough understanding of the peritoneal 
anatomy and its potential role in tumor dissemina- 
tion is vital for the radiologist interpreting cross- 
sectional imaging studies of the abdomen and 
pelvis. 

Imaging the peritoneum and peritoneal tumors 
poses several significant challenges (Coakley and 
Hricak 1999). Tumor involving the peritoneum 
may be only a few cells thick and present as a thin 
coating of tumor that can be very difficult to 
detect. In addition, the peritoneum by nature is 
folded and convoluted as it lines spaces, coats the 
intestines and other organs, and forms numerous 
mesenteries. Depicting subtle small tumors involv- 
ing this folded membrane is challenging at best. 
Multidetector CT scans have excellent spatial res- 
olution and speed of acquisition. However, CT's 
limited contrast resolution limits its ability to 
detect subtle peritoneal tumor. Coakley et al. noted 
that the sensitivity of helical CT for peritoneal 
tumors <lcm was only 25-50% when compared 
with 85-93% for all tumors (Coakley et al. 2002). 
Ultrasound is of limited value for depicting perito- 
neal disease. PET can depict moderate to large peri- 
toneal tumors but is of limited value for 
demonstrating small volume peritoneal tumors or 
carcinomatosis. On the other hand, MR imaging is 
uniquely suited to depict small peritoneal tumors 
and carcinomatosis (Low 2007). Excellent soft tissue 
contrast combined with high spatial resolution 
allows MR to demonstrate small peritoneal tumors 
and peritonitis that is not visible with other imaging 
examinations. Delayed gadolinium-enhanced MR 
imaging has been described as a sensitive imaging 
sequence for demonstrating slowly enhancing peri- 
toneal tumors (Low and Sigeti 1994; Low et al. 
1997; Low 2001). More recently, diffusion-weighted 
imaging has been reported as a new tool for showing 
peritoneal tumors. In our experience, MR imaging 
with gadolinium and diffusion-weighted imaging is 
the examination of choice for depicting benign and 
malignant peritoneal disease (Low and Gurney 
2007; Low et al. 2009). 



15.2 



Technical Considerations and Protocols 
for Peritoneal MRI 

Patients are asked not to eat or drink for 4 h prior to 
their MR appointment. If rectal water is to be admin- 
istered, patients self-administer a Fleet's enema prior 
to the examination. 



15.2.1 

Intraluminal Contrast Material 

Water-soluble intraluminal contrast material is admin- 
istered to distend the stomach, small bowel, and colon. 
Collapsed bowel loops can mask subtle peritoneal 
tumors or inflammation involving the bowel serosa, 
mesentery, or adjacent peritoneum. Alternatively, non- 
distended segments of the small bowel can be mis- 
taken for an abdominal mass. Adequate bowel 
distention is, therefore, an essential element in the 
peritoneal MR imaging protocol that improves the 
accuracy and confidence in image interpretation (Low 
et al. 1997). 

Water-soluble contrast material is administered 
orally beginning 45 min before the start of the MR 
examination. Water-soluble contrast materials are 
biphasic on MR images producing high intraluminal 
signal on T2-weighted images and low signal inten- 
sity on Tl -weighted, and gadolinium-enhanced SGE 
images. Patients drink 1.0-1.5 L of oral contrast 
material of sufficient volume to distend the small 
bowel and stomach. There are a number of different 
oral contrast agents available that can be used for 
MR imaging. While their use for MR imaging is off 
label, they have proven to be safe and effective for 
bowel distention. These oral contrast agents are pre- 
dominantly water with some other agents added to 
decrease absorption of the material through the 
small bowel wall. We currently use dilute barium sul- 
fate suspension CT contrast material, which is 98% 
water. E-Z-EM Readi-CAT2 @ (Bracco) has been well 
tolerated and effective in our practice when used to 
distend the small bowel for MR imaging. Fruit- 
flavored versions of the oral contrast material are 
available, which may improve patient compliance. 
Chilling the oral contrast material is also preferred 
by some patients. A bottle of this oral agent can also 
be administered at home to increase the transit and 
distension of the distal small bowel. Another oral 
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agent that has been adopted for gastrointestinal MR 
imaging is VoLumen® Barium Sulfate Suspension, 
0.1% w/v, 0.1% w/w, 450 mL (Bracco). VoLumen was 
designed as a negative CT intraluminal contrast 
agent and is composed of sorbitol, bean gum, and 
water. For the purposes of MR imaging, it is predom- 
inantly water and appears as a biphasic intraluminal 
agent that is identical to dilute barium sulfate sus- 
pension products. 

Distention of the rectum and colon can be accom- 
plished with 1 L of tap water administered through a 
balloon tipped barium enema catheter. The balloon 
should be filled with water and not air to decrease 
the susceptibility artifact that the air would create. 
While rectal water is not an absolute requirement, it 
can improve the depiction of subtle serosal and peri- 
toneal tumor involving the colon and rectum. In 
other patients, one may find that the colon is ade- 
quately distended with stool so that rectal water is 
not required. 

15.2.2 

Intravenous Contrast Agents 

Intravenous gadolinium chelate is administered 
using a power injector at an injection rate of 2mL/s 
through an angio catheter. In the past, we have used a 
double dose of intravenous gadolinium to increase 
the degree of enhancement of peritoneal tumors and 
inflammation. We currently use a single dose of 
MultiHance® (gadobenate dimeglumine) (Bracco), 
which due to its higher relaxivity may show greater 
enhancement of peritoneal tumors. To our knowl- 
edge, a comparison of Multihance and other gado- 
linium chelates for depicting peritoneal disease has 
not been performed. 

15.2.3 

Antiperistaltic Agents 

A medication should be administered to decrease 
bowel peristalsis on the gadolinium-enhanced 
images. The 3D FSPGR and 2D SGE images are sensi- 
tive to bowel motion and image quality is improved 
by administering an antiperistaltic pharmacologic 
agent. Available agents include Glucagon for injec- 
tion (Eli Lilly and Company, Indianapolis, IN) 1 mg 
administered intravenously at the time of gadolin- 
ium injection, Buscopan® (hyoscine-JV-butylbro- 
mide), and Levsin® (Hyoscyamine sulfate Injection) 



0.25 mg administered intravenously 5min prior to 
the gadolinium injection. Package inserts should be 
carefully reviewed for all of these medications prior 
to their use to understand contraindications and 
potential drug interactions. 

15.2.4 

MRI Protocol 

Our protocol for peritoneal imaging is optimized for 
depicting small peritoneal tumors (Low 2007). All 
images are obtained during suspended respiration to 
minimize breathing artifact that can obscure subtle 
peritoneal tumors or inflammation. Faster pulse 
sequences that facilitate breath-hold imaging also 
decrease the overall examination time, which is 
essential when using intraluminal contrast material 
to distend to small bowel and colon. Other key ele- 
ments that improve tumor depiction are fat suppres- 
sion and high spatial resolution. Fat suppression is 
utilized for T2-weighted imaging, diffusion-weighted 
imaging (DWI), and all gadolinium-enhanced 
images. By suppressing the high signal intensity fat, 
small peritoneal tumors and inflammation become 
more conspicuous. To depict small tumors, a reason- 
ably high in-plane resolution must be balanced 
against the requirements for times short enough to 
allow for breath-hold imaging. Our current post-con- 
trast imaging is performed with 3D FSGPR images 
obtained with an in-plane resolution of 320 x 192. 
Increasing the resolution further may have diminish- 
ing returns. In our experience, peritoneal tumors 
often present as sheets for tumor cells lining the peri- 
toneal surfaces rather than as solitary discrete small 
tumor nodules. In this setting, high contrast resolu- 
tion is probably more essential to distinguish thin 
sheets of tumor from normal anatomic structures. 

Table 15.1 lists the specifying imaging parameters 
for our current peritoneal MRI protocol. In summary, 
the examination includes axial dual echo Tl SGE 
images, fat suppressed T2-weighted FSE imaging, 
and breath-hold DWI using an intermediate b -value 
of 400-500 s/mm 2 (Ichikawa et al. 1999). Following 
injection of intravenous gadolinium, we obtain fat- 
suppressed 3D FSPGR images in the axial plane twice 
through the abdomen and pelvis. Coronal and sagit- 
tal 3D FSPGR imaging is performed. The final set of 
images is the axial 2D SGE with fat suppression. We 
find that these images are less sensitive to breathing 
and motion artifact and provide very sharp anatomic 
detail. The fat-suppressed 2D SGE images are 
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Table 1 5.1 Peritoneal MR imaging protocol (GE system) 



Pulse Sequence 


TR 


TE 


Matrix 


NSA 


Thick 


Gap 


ASSET 


Angle 


Plane 


Note 


Time 


Tl SGE dual 
echo 


140 


4.4 2.1 


256 x 224 


1 


7 


3 


2 


80 


A 




:24 


T2 FRFSE 


2,050 


88 


320 x 192 


1 


7 


3 


2 


90 


A 


fat sat 


:24 x 2 


DWI SSEPI 


3,000 


min 


192 x 224 


3 


8 


1 


2 


90 


A 


B400 


:22 


3D FSPGR 


min 


min 


320 x 192 


1 


4.4 


-2.2 


2 


12 


Ax2 


Fat sat 


:24 


3D FSPGR 


min 


min 


320 x 192 


1 


4.4 


-2.2 


2 


12 


A/C 


fat sat 


:24 


2D SGE 


140 


2.1 


256 x 192 


1 


8 


1 


2 


70 


A 


fat sat 


:24 x 2 



Table shows imaging parameters for complete MR examination 

SGE spoiled gradient-echo; FRFSE fast recovery fast spin echo; DWI SSEPI diffusion weighted single shot echo planar imaging; 
LAVA liver acceleration volume acquisition; 3D FSPGR Dixon 3D fast spoiled gradient-echo with Dixon water reconstruction 
(LAVA-FLEX); SGE spoiled gradient echo; ASSET array spatial sensitivity encoding technique 

Times listed are the breath-hold times for the abdomen or pelvis 



obtained about 5 min after the injection of gadolin- 
ium when slowly enhancing peritoneal tumors are 
most conspicuous. 

15.2.5 

MR Image Interpretation 

Unenhanced Tl- and T2-weighted images may show 
larger peritoneal tumor nodules and masses, but are 
relatively insensitive for the depiction of small peri- 
toneal tumors, carcinomatosis, and peritonitis (Low 
and Sigeti 1994). Following the intravenous injec- 
tion of extracellular gadolinium chelates, peritoneal 
inflammation and peritoneal tumors enhance slowly. 
Peritoneal enhancement is thus best visualized on 
delayed images obtained 5 min after gadolinium 
injection. Normal peritoneal tissues are relatively 
thin measuring <3mm in thickness and typically 
show only mild enhancement that is less than or 
equal to that of the liver parenchyma. Moderate to 
marked peritoneal enhancement and associated 
thickening is abnormal and is the hallmark of perito- 
nitis or peritoneal carcinomatosis. In our experience, 
small peritoneal tumors a few millimeters in size can 
be routinely detected. In some instances, sheets of 
very subtle peritoneal tumor depicted on MRI may 
not be visible or palpable at laparotomy but micro- 
scopic can be confirmed by biopsy or peritoneal 
washings. It should be noted that the distinction 
between peritoneal inflammation and peritoneal 
tumor is based on the clinical presentation since the 



MR imaging findings can be identical. Peritoneal 
thickening from tumors may be thin and regular, 
nodular, or mass-like. Peritonitis usually presents as 
smooth and regular peritoneal thickening and 
enhancement without dominant masses or nodules 
(Low 2001). 

Diffusion-weighted (DW) MR images are also very 
useful for depicting peritoneal diseases (Low 2009; 
Fuji et al. 2008). Single-shot EPI DW images using an 
intermediate fo-value of 500s/mm 2 show restricted 
diffusion with peritoneal tumors and inflammation. 
On DW images, ascites and bowel contents are sup- 
pressed while peritoneal and serosal tumors show 
restricted diffusion and are depicted as areas of high 
signal intensity. Suppression of ascites and bowel con- 
tents improves the conspicuity of peritoneal and sero- 
sal tumors on DW images. We evaluate the magnitude 
of DW image, which has contributions from diffusion 
and T2 signal. ADC maps could be used to further 
suppress the T2 signal from bowel contents, ascites, 
and other fluid-containing structures. We have found 
that the most accurate examination for detecting peri- 
toneal tumors is the combination of DWI and delayed 
gadolinium-enhanced MRI (Low et al. 2009). The DW 
images are more easily interpreted when viewed in 
conjunction with the conventional MR images, which 
provided better depiction of anatomic landmarks. 
Mesenteric tumors, bowel serosa tumors, and tumors 
involving the peritoneal reflections around the liver 
and pancreas were usually better seen on the DW 
images owing to the high contrast of peritoneal tumors 
on these images (Fig. 15.3). When comparing the B0 
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and B500 DW images, one may see an interesting 
reversal of signal intensity. On the BO images, bowel 
contents are hyperintense while the bowel wall and 
serosal tumors are of low signal intensity. On the cor- 
responding B500 image, the bowel contents are sup- 
pressed and the serosal and peritoneal tumor becomes 
hyperintense. The DW images are also useful to dem- 
onstrate associated lymphadenopathy, hepatic, and 
osseous metastases (Koh and Collins 2007). 



15.3 



Peritoneal Anatomy 

The peritoneum is a serous lining of mesothelial cells 
that lines the abdominal cavity and covers the abdom- 
inal organs. The peritoneum consists of a parietal 
layer lining the inner surface of the abdominal and 
pelvic cavity and the visceral peritoneum that covers 
the organs (Fig. 15.1). Peritoneal reflections form the 
ligaments and mesenteries that connect organs and 
secure organs to the abdominal wall. In the anterior 
abdomen, the omentum is composed of four layers of 
peritoneum (Meyers et al. 1987). A mesentery is 
a double layer of peritoneum that results from 
the invagination of an organ into the peritoneum. 
Examples of mesenteries include the small bowel 
mesentery, the transverse mesocolon, the mesoduode- 
num, and the sigmoid mesentery (Hamrick-Turner 
etal.1992) (Fig. 15.1). 

The peritoneal ligaments connect abdominal 
organs. The coronary ligament represents perito- 
neal reflections, which firmly attach the liver to the 



diaphragm and retroperitoneum. The liver surface 
between the leaves of the coronary ligament is not 
covered by serosal or visceral peritoneum and is 
referred to as the bare area of the liver. The gastrohe- 
patic ligament also known as the lesser omentum 
extends from the lesser curvature of the stomach to 
the left lobe of the liver (Fig. 15.2). On the liver sur- 
face, the gastrohepatic ligament extends into the fis- 
sure for the ligamentum venosum, which separates 
the caudate lobe from the left hepatic lobe. The hepa- 
toduodenal ligament is located along the free margin 
of the gastrohepatic ligament. It extends from the 
porta hepatis to the duodenal sweep and contains the 
components of the portal triad: the portal vein, 
hepatic artery, and bile ducts. An opening posterior 
to the gastrohepatic ligament known as the Foramen 
of Winslow provides an important communication 
between the greater and lesser sacs of the peritoneal 
cavity. The falciform ligament extends from the left 
intersegmental fissure between the medial and lat- 
eral segments of the left hepatic lobe to the adjacent 
anterior abdominal wall. The falciform ligament 
encases the ligamentum teres representing the oblit- 
erated umbilical vein, which in utero connect the 
umbilicus to the left portal vein ( Vikram et al. 2009) 
(Fig. 15.3). 

The greater omentum is formed by four layers of 
peritoneum. Two layers arise from the greater curve 
of the stomach, which fuse with the two layers of the 
transverse mesocolon to form the four-layered 
greater omentum. Ligaments associated with the 
greater omentum include the gastrocolic, gastros- 
plenic, splenorenal, gastrophrenic ligaments. The 
phrenicocolic ligament connects the diaphragm to 




Fig. 15.1. Bacterial peritonitis - 19-year-old with abdomi- 
nal pain. Equilibrium phase fat-suppressed, gadolinium- 
enhanced SGE image (a) shows diffuse abnormal enhance- 
ment of the right and left subphrenic peritoneum (arrows) 
indicating peritonitis. 

Equilibrium phase fat-suppressed, gadolinium-enhanced 
SGE image through the middle abdomen (b) shows diffuse 



abnormal peritoneal and bowel serosal enhancement (ar- 
rows) indicating peritonitis. Associated mesenteric infiltra- 
tion and enhancement (small arrow) represents additional 
evidence of peritonitis. 

Laparoscopic view (c) confirms diffuse peritoneal inflamma- 
tion and peritonitis 
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Fig. 15.2. (a) Primary ovarian cancer - 67-year-old woman 
presenting with abdominal distension. Multidetector CT 
shows ascites (arrow) but no evidence of peritoneal tumor, 
(b) Delayed gadolinium-enhanced fat-suppressed SGE MR 
image confirms peritoneal carcinomatosis with abnormal 
enhancement of the subphrenic peritoneum (long white ar- 
rows). Enhancement of the peritoneum in the left interseg- 
mental fissure and falciform ligament (black arrow) repre- 
sents additional peritoneal tumor. Tumor also extends into 
transverse fissure and periportal space anterior to the main 
portal vein (short white arrow). (c)Axial delayed gadolinium- 
enhanced SGE image through the middle abdomen depicts 
bulky omental tumor (long white arrow), bilateral paracolic 



parietal peritoneal tumor (short white arrows), and mesen- 
teric tumor (black arrow), (d) Coronal gadolinium-enhanced 
3D FSPGR image confirms peritoneal carcinomatosis (white 
arrows) involving the right and left subphrenic peritoneum 
and the paracolic gutter. Infiltration and enhancement of the 
small bowel mesentery (black arrows) represents additional 
metastatic peritoneal tumor. Laparotomy confirmed primary 
ovarian cancer. (e)Sagittal gadolinium-enhanced 3D FSPGR 
image (d) confirms peritoneal carcinomatosis with tumor in- 
volving the omentum (short white arrow), subphrenic perito- 
neum (long white arrow), transverse mesocolon (short black 
arrow), and small bowel mesentery (long black arrow) 



the splenic flexure of the colon and is an important 
impediment to the flow of ascites up the left para- 
colic gutter. It thus serves to redirect ascites and dis- 
seminated peritoneal tumor cells to the larger right 
paracolic gutter (Meyers et al. 1987) (Fig. 15.3). 

The complex peritoneal anatomy of the upper 
abdomen defines the potential spaces and surfaces 
that may be involved by peritoneal malignancy or 
inflammation. The visceral peritoneum covering the 
liver surface invaginates into the liver parenchyma 
creating anatomic fissures including the fissures of 
the ligamentum teres, ligamentum venousum, gall- 
bladder, and the transverse fissure. The peritoneal 
reflections surrounding the hepatic pedicle as it 



enters the liver parenchyma form the transverse fis- 
sure. The transverse fissure contains the horizontal 
portions of the right and left portal veins. The fissure 
is continuous with the periportal space, which is a 
potential space surrounding the intrahepatic portal 
vein branches. The periportal space is a common site 
for direct tumor spread in patients with ovarian car- 
cinoma or pancreatic carcinoma (Fig. 15.3). The peri- 
toneal reflections in the upper abdomen define the 
spaces that may be involved by peritoneal tumor. The 
right subphrenic space is a large, continuous space 
separating the right lobe of the liver from the adja- 
cent right hemidiaphragm. The right subphrenic 
space is the most common site for peritoneal tumor 
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Fig. 1 5.3. Gastric cancer - 62-year-old man with treated gas- 
tric cancer presenting with nausea and vomiting. Coronal 
gadolinium-enhanced 3D FSPGR image (a) shows dilated 
fluid filled small bowel and abnormal thickening and en- 
hancement of the paracolic peritoneum (arrows) and ascites. 
Axial delayed 2D gadolinium-enhanced SGE image (b) con- 
firms peritoneal carcinomatosis (arrows) involving the pa- 



rietal peritoneum, omentum, and bowel serosa. Malignant 
bowel obstruction and peritoneal carcinomatosis was con- 
firmed at laparotomy, (c) Axial diffusion weighted image (b) 
500s/mm2 confirms the right subphrenic tumor (short ar- 
rows). Serosal and mesenteric tumors (long arrows) are also 
depicted as linear soft tissue showing restricted diffusion 



involvement in patients with peritoneal carcinoma- 
tosis (Fig. 15.3). The left subphrenic space in the left 
upper quadrant forms one continuous space that 
freely communicates (Fig. 15.3). The perihepatic 
spaces surrounding the left lobe of the liver freely 
communicate with the adjacent perigastric and 
perisplenic spaces in the left upper quadrant of the 
abdomen. When involved by inflammation or tumor, 
this large potential space in the left upper abdomen 
may be compartmentalized by the splenorenal liga- 
ment, gastrosplenic ligament, and lesser omentum 
(Meyers et al. 1987). 

The lesser sac is bounded anteriorly by the stom- 
ach, lesser omentum, and gastrocolic ligament and 
posteriorly by the pancreas. Inferiorly the lesser sac 
is delimited by the transverse colon and the mesoco- 
lon. On the left, the lesser sac is delimited by the sple- 
norenal ligament and the gastrosplenic ligament. On 
the right, the lesser sac communicates with the 
greater sac via the Foramen of Winslow, an opening 
behind the free edge of the lesser omentum. 

The right subhepatic space is separated into an 
anterior right subhepatic space and a posterior right 
subhepatic space. The anterior compartment is 
delimited inferiorly by the transverse mesocolon. 
The posterior right subhepatic space separates the 
right lobe of the liver and the right kidney and is 
known as Morrison's pouch or the hepatorenal fossa. 
The right subhepatic space communicates with the 
adjacent right subphrenic space and the right para- 
colic gutter (Fig. 15.3). 

In the middle abdomen, parietal and visceral peri- 
toneum covers the inner surface of the abdominal 
wall and the small intestine and colon (Fig. 15.4). 




Fig. 15.4. Gastric cancer - 55-year-old woman with nausea. 
Gadolinium-enhanced SGE image shows marked diffuse 
gastric mural thickening representing gastric cancer with 
a pattern of linitis plastica. Note the direct extension of the 
gastric tumor into the gastrohepatic ligament (short arrow) 
and lateral extension from the greater curvature (long 
arrows) to involve the gastrocolic ligament and hepatic flex- 
ure of the colon 

In the middle abdomen, the four-layered greater omen- 
tum arises from the greater curvature of the stomach 
and drapes over the small bowel, colon, and other 
abdominal viscera (Fig. 15.3). The transverse mesoco- 
lon, attaching the transverse colon to the posterior 
abdominal wall, is best depicted on sagittal MR images 
(Fig. 15.3). Below its colonic attachment, the trans- 
verse mesocolon fuses with the posterior portion of 
the omentum inferiorly, forming the posterior two 
layers of the four-layered omentum. Much of the 
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middle abdomen is dominated by small intestine and 
the small bowel mesentery that attaches the jejunum 
and the ileum to the posterior abdominal wall. The 
fan- shaped folds of the small bowel mesentery are 
well depicted on axial, coronal, or sagittal MR images. 
The small bowel mesentery is a common site for peri- 
toneal tumor deposition (Fig. 15.3). As ascites pools in 
the folds of the small bowel mesentery, it flows to the 
most dependent section, which is the mesentery of the 
distal ileum in the right lower quadrant. The mesen- 
tery of the terminal ileum is, therefore, a common first 
site of peritoneal tumor deposition. The attachments 
of the ascending and descending colon to the poste- 
rior abdominal wall define the paracolic gutters and 
serve to help direct the flow of ascites and peritoneal 
tumor deposition. Because the phrenicocolic ligament 
blocks flow of ascites up the left paracolic gutter, there 
is preferential flow of ascites and disseminated perito- 
neal tumor cells up the wider right paracolic gutter 
(Hamrick-Turner et al. 1992) (Fig. 15.3). 

Within the pelvis, the parietal peritoneum covers 
the inner surface and the abdominal and pelvic wall. 
The peritoneum reflects over the bladder, rectum, 
and uterus placing these structures in an extraperi- 
toneal location (Fig. 15.3). The inferior extent of the 
pelvic peritoneal reflections forms the Pouch of 
Douglas or rectovaginal pouch in the female and the 
rectovesicle pouch in the male. As the most depen- 
dent portions of the peritoneal cavity, the rectovagi- 
nal pouch and rectovesicle pouch are the first sites to 
accumulate ascitic fluid. The dome of the bladder is 
covered by the visceral peritoneum and may be 
involved by peritoneal tumor or inflammation. The 
sigmoid mesentery attaching the sigmoid colon to 
the posterior abdominal wall is another important 
site of peritoneal tumor deposition. 



15.4 



Benign Diseases of the Peritoneum 
15.4.1 

Mesenteric Paniculitis 

Mesenteric paniculitis is an inflammatory and 
fibrotic disease involving the fatty tissues of the mes- 
entery. Histopathologically, one sees a combination 
of mesenteric fibrosis, inflammation, and fat necro- 
sis. The term retractile mesenteritis has been used 
when the fibrotic reaction predominates. Mesenteric 
lipodystrophy is the term used when the mesenteric 
fat necrosis is the predominant feature. Mesenteric 




Fig. 15.5. Mesenteric paniculitis - 66-year-old woman with 
abdominal pain. Coronal gadolinium-enhanced 3D FSPGR 
image demonstrates diffuse abnormal infiltration and en- 
hancement of the small bowel mesentery 



paniculitis is usually idiopathic. The clinical presen- 
tation includes long-standing abdominal pain, nau- 
sea, vomiting, fever, and weight loss. The small bowel 
mesentery is involved most frequently by a solitary 
large dominant mass averaging 10 cm in diameter 
(Emory et al. 1997). Less commonly, one may see 
multiple smaller mesenteric masses, or diffuse mes- 
enteric thickening. Other inflammatory and infec- 
tious diseases can lead to mesenteric inflammation 
and retractile mesenteritis. 

MR imaging may demonstrate a single or multi- 
ple enhancing soft tissue mass in the small bowel 
mesentery with tethering and distortion of adjacent 
bowel loops (Kronthal et al. 1991) (Fig. 15.5). The 
mass may contain regions of fat demonstrated as 
high signal on Tl -weighted images or as areas of 
low signal on fat-suppressed images. In the diffuse 
form of mesenteric adenitis, one will see ill-defined 
areas of soft tissue infiltration of the mesentery 
representing inflammation and fibrosis. On 
Tl -weighted MR images, this will be depicted as 
low signal intensity stands infiltrating the small 
bowel mesentery. On fat-suppressed, gadolinium- 
enhanced images, the mesentery will be infiltrated 
with enhancing soft tissue (Fujiyoshi et al. 1997; 
Kobayashi et al. 1993; Kobayashi et al 1993). 
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15.4.2 

Mesenteric Adenitis 

Mesenteric adenitis is an uncommon inflammatory 
process involving the mesenteric lymph nodes. It is 
most frequently caused by a viral infection but may 
also be associated with bacterial infections second- 
ary to Yersinia enter ocolitica, Helicobacter jejuni, 
Campylobacter jejuni, and Salmonella or Shigella 
species. It most commonly involves the lymph nodes 
near the terminal ileum and is, therefore, often mis- 
diagnosed as acute appendicitis. It is a self-limited 
disease that presents with right lower quadrant 
abdominal pain, nausea, vomiting, fever, and occa- 
sionally diarrhea. The MR features of mesenteric 
adenitis include enlarged mesenteric lymph nodes in 
the right lower quadrant. Strandy infiltration and 
enhancement of the adjacent mesentery may also be 
seen. Absence of an enlarged and inflamed appendix 
excludes the diagnosis of acute appendicitis. 

15.4.3 
Peritonitis 

Peritonitis is an inflammation of the peritoneal lining 
of the abdomen cavity. Peritonitis may be spontane- 
ous, secondary, or a complication of catheter perito- 
neal dialysis. Spontaneous bacterial peritonitis is 
seen in patients with chronic liver disease or renal 
failure in which ascites accumulates in the peritoneal 
cavity (Kanematsu et al. 1997). Infection of the 
ascitic fluid may occur as a result of hematogenously 
borne bacteria that spread to the peritoneal cavity. 
Secondary peritonitis may occur as a result of bowel 
perforation with subsequent leak of intestinal fluids 
and bacteria into the peritoneal cavity. 

Patients with peritonitis present with abdominal 
pain and tenderness, distension, nausea, vomiting, 
fever, chills, and leukocytosis. Because of the nonspe- 
cific nature of these symptoms, patients with perito- 
nitis may be misdiagnosed with other infectious or 
inflammatory abdominal diseases. Complications of 
peritonitis include development of an intra-abdomi- 
nal abscess and sepsis. 

MR imaging is an effective and very sensitive 
examination in patients with suspected peritonitis 
(Els ayes et al. 2006). There have been no direct com- 
parisons of helical CT and MR imaging for depicting 
peritonitis. In our experience, MR imaging with its 
superior soft tissue contrast is better suited to depict 
subtle changes of peritonitis when compared with 



helical CT (Low 2001). Inflammation of the perito- 
neum leads to increased vascularity and subsequent 
abnormal enhancement with intravenous gadolin- 
ium. As with peritoneal carcinomatosis, peritonitis 
shows slow gradual enhancement of the peritoneum. 
For this reason, the findings of peritonitis are most 
evident on 5min delayed gadolinium-enhanced SGE 
images (Fig. 15.1). The presence of delayed enhance- 
ment of ascitic fluid has been noted in patients with 
peritoneal disease. Kanematsu et al. noted delayed 
gadolinium enhancement of ascites in spontaneous 
bacterial peritonitis. Other authors have noted that 
delayed enhancement of ascites on MR imaging is 
nonspecific finding that correlates with the presence 
of exudative ascites and increased peritoneal perme- 
ability that may be due to benign or malignant peri- 
toneal disease (Arai et al. 1993). 

Fat suppression is used to eliminate the competing 
high signal of adjacent abdominal or pelvic fat. On 
these gadolinium-enhanced images, one may see 
abnormal peritoneal enhancement with peritoneal 
thickening. In some mild cases of peritonitis, the 
abnormally enhancing peritoneum may be normal in 
thickness. In our experience, the degree of thickening 
of the peritoneum with peritonitis is less than that 
often seen with peritoneal tumor. Also, in our experi- 
ence the peritoneum tends to be smoothly thickened 
without the nodular thickening and peritoneal 
masses seen with carcinomatosis. Fat-suppressed 
T2-weighted images or SSRARE images are also use- 
ful to depict associated ascites. To depict serosal 
inflammation, the addition of oral contrast material 
can be used to distend and separate loops of intes- 
tine. Collapsed segments of bowel can mask or mimic 
peritoneal and serosal disease. Adequate luminal dis- 
tension allows one to depict bowel wall thickening 
and abnormal enhancement, which can be signs of 
serosal peritonitis. 

15.4.4 

Tuberculous Peritonitis 

Tuberculous peritonitis is a rare extra pulmonary 
manifestation of tuberculosis caused by Myco- 
bacterium tuberculosis (Manohar et al. 1990). The 
disease is fairly insidious with slow onset, nonspecific 
symptoms that typically lead to a delay in diagnosis 
of several months. Risk factors include cirrhosis, 
CAPD, diabetes mellitus, underlying malignancy, 
use of systemic corticosteroids, and AIDS. Infection 
usually occurs from reactivation of a latent focus of 
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peritoneal infection that had previously spread to the 
peritoneum hematogenously from a primary lung 
infection. Less common primary hematogenous 
spread from an active pulmonary TB may seed the 
peritoneum or rarely transmural spread from gastro- 
intestinal tuberculosis can occur. Peritoneal involve- 
ment by tuberculosis may rarely occur in isolation or 
more commonly is present in association with gas- 
trointestinal tuberculosis (Hossein et al. 1997). 

Three forms of tuberculous peritonitis have been 
described (Leder and Low 1995; Pereira et al. 
2005). The wet-type characterized by large volume 
ascites is the most common form with 90% of patients 
presenting with ascites at the time of diagnosis. The 
fibrotic-mixed type is characterized by large omental 
masses, with matted intestines, and mesentery. The 
dry or plastic type is uncommon and is character- 
ized by caseous nodules and fibrous peritoneal reac- 
tion. This latter form is indistinguishable from 
peritoneal carcinomatosis. 

As the disease progresses, tubercles seed the pari- 
etal and visceral peritoneum and produce an exuada- 
tive ascites. Nonspecific peritoneal thickening, 
peritoneal nodules, and enhancement are noted com- 
bined with nonenhancing ascites (Ha et al. 1996) 
(Fig. 15.6). Features that favor the presence of tuber- 



culous peritonitis include the presence of associated 
abdominal and retroperitoneal tuberculous lymph- 
adenitis. Nodal masses will show peripheral enhance- 
ment with low signal intensity centers. This appearance 
is due to lymph nodes with peripheral inflammation 
and central caseous necrosis and corresponds with 
the low-density lymph nodes seen on helical CT in 
patients with abdominal tuberculosis. Other authors 
have noted mass-like cystic lesions in patients with 
tuberculous lymphadenitis (Kim et al. 2000). 
Inflammation that extends through the peritoneum 
to involve the abdominal wall is also been described 
as a feature of abdominal tuberculosis (Akhan and 
Pringo 2002). 



15.4.5 

Sclerosing Encapsulating Peritonitis 

Sclerosing peritonitis is a rare but serious complica- 
tion of continuous ambulatory peritoneal dialysis 
with an incidence of 20% after 8 years of peritoneal 
dialysis (Slim et al. 2005). The small bowel becomes 
encased in sheets of fibrous tissue, which comprise 
myofibroblastic spindle cells, and chronic inflamma- 
tory cells. Dense adhesions and mural fibrosis is pres- 






Fig. 15.6. Tuberculous peritonitis - 52-year-old man with nonenhancing mass (arrow) in the gallbladder fossa with 
abdominal discomfort: T2-weighted (left) and fat-sup- surrounding edema. Findings are that of an intraperitoneal 
pressed gadolinium-enhanced (right) MR images depict a tuberculoma and associated peritonitis 
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ent. Patients present with abdominal pain, weight 
loss, anorexia, and small bowel obstruction. Scle- 
rosing peritonitis may be associated with bacterial or 
fungal peritonitis. Complications of long-term scle- 
rosing peritonitis include small bowel necrosis and 
enterocutaneous fistulas (Choi et al. 2004) with rare 
cases of associated colonic obstruction. In one study 
(Rigby and Hawley 1998), the overall prevalence 
was 0.7%, which increased progressively with the 
duration of peritoneal dialysis being 1.9, 6.4, 10.8, 
and 19.4% for patients on dialysis for more than 2, 5, 
6, and 8 years, respectively. In some patients, the ces- 
sation of peritoneal dialysis and initiation of hemo- 
dialysis appears to serve as a trigger for sclerosing 
encapsulating peritonitis. Overall mortality is as high 
as 50-80% with mortality increasing with the length 
of time the patient is on peritoneal dialysis. Medical 
therapy may consist of treatment with steroids, 
tamoxifen, and or immunosuppression. Surgical 
intervention with laparotomy and peritonectomy has 
been performed with the intention to resect all dis- 
eased and thickened peritoneal membranes. 

Imaging findings of sclerosing encapsulating peri- 
tonitis at CT and MRI include peritoneal calcification, 
bowel distribution , bowel wall thickening, and bowel 
dilation, bowel tethering, loculation of ascites, and 
peritoneal thickening (Tarzi et al. 2008; Huser et al. 
2006). In one study, peritoneal calcifications and 
bowel tethering were the most specific findings 
(Tarzi et al. 2008). On MR imaging, one may see sim- 
ilar intestinal findings with sheets of thickened and 
enhancing peritoneum encasing dilated and distorted 
small bowel (Menassa-Moussa et al. 2006) (Fig. 
15.7). Visualization of the peritoneal findings on CT 
is much more limited. 



15.5 



Malignant Diseases of the Peritoneum 
15.5.1 

Mechanisms of Peritoneal Tumor Spread 
15.5.1.1 

Intraperitoneal Tumor Dissemination 

Intraperitoneal dissemination is an important mech- 
anism of tumor spread that occurs when tumor cells 
break off from the primary cancer and are shed into 
the peritoneal cavity (Figs. 15.3 and 15.4). As 
described in the seminal work of Dr. Morton Meyers, 



these tumor cells then spread throughout the perito- 
neal cavity in a pattern determined by established 
pathways of ascitic flow (Meyers). Ascites accumu- 
lates in the most dependent areas of the peritoneal 
cavity. In the pelvis, ascites initially accumulates in 
the dependent pouch of Douglas and then fills the 
paravesical spaces bilaterally. The mesentery of the 
sigmoid colon helps to direct fluid around the sig- 
moid colon making this another common location 
for peritoneal tumor deposition. 

Flow of ascites into the abdominal cavity is 
directed by the peritoneal reflections, ligaments, and the 
attachments of the mesenteries to the posterior 
abdominal wall. The mesenteries attaching the 
ascending and descending colon to the posterior 
abdominal wall form the paracolic gutters that chan- 
nel fluid from the pelvis superiorly into the abdomen. 
Flow up the left paracolic gutter is blocked by the 
phrenicocolic ligament. Therefore, pelvis ascites pref- 
erentially flows up the wider right paracolic gutter. 
From the right paracolic gutter, ascites flows into the 
right subhepatic space and right subphrenic space. 
The attachments of the transverse mesocolon and the 
small bowel mesentery to the posterior abdominal 
wall similarly help to redirect ascites and tumor cells 
within the peritoneal cavity (Fig. 15.3). Fluid trapped 
in the multiple folds of the small bowel mesentery 
forms pools that cascade from the left upper quadrant 
to the right lower quadrant near the terminal ileum. 
The terminal ileum and right lower quadrant small 
bowel mesentery is thus another important area for 
peritoneal tumor deposition. 

Based on these mechanisms of ascitic flow, tumor 
cells deposit and multiply in areas of stasis. Highly 
predictable areas for tumor deposition include the 
pouch of Douglas, the sigmoid colon and its mesen- 
tery, the terminal ileum, the right paracolic gutter, 
the posterior right subhepatic space, and the right 
subphrenic space. Eventually, all peritoneal surfaces 
and spaces may be involved by peritoneal carcino- 
matosis. However, the earliest tumor deposition will 
occur at the peritoneal tumor "hot spots" listed 
above. Each of these anatomic areas should be 
evaluated carefully for evidence of peritoneal 
metastases. The tumors that most commonly 
spread via intraperitoneal dissemination can be 
remembered by the mnemonic "SCOPE," standing 
for primary tumors of the Stomach, Colon, Ovary, 
Pancreas, and Endometrium. Another "C" tumor is 
Cholangiocarcinoma and a couple of additional "P" 
tumors include Primary Peritoneal Cancer, and 
Pseudomyxoma Peritonei. 
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Fig. 15.7. Sclerosing encapsulating peritonitis - 44-year-old 
male peritoneal dialysis patient presents with abdominal 
pain and bowel obstruction. Coronal (a) and sagittal (b), and 



axial (c) fat-suppressed gadolinium-enhanced 3D FSPGR 
image shows a sheet of enhancing soft tissue (arrow) the 
mesentery, bowel, and the peritoneal dialysis catheter 



15.5.1.2 

Direct Spread of Tumors Along Peritoneum Pathways 

The peritoneal reflections, ligaments, and mesenter- 
ies can also serve as pathways for direct spread of 
abdominal and pelvic tumors (Fig. 15.2) Arenas 
et al 1994. The peritoneum interconnects the solid 
abdominal and pelvic organs, the hollow visceral 
organs or the gastrointestinal tract, and the adjacent 
abdominal wall. A primary malignancy of one organ 



can use the extensive peritoneal pathways to directly 
spread to contiguous and noncontiguous structures. 

In the upper abdomen, the peritoneum intercon- 
nects the liver, stomach, spleen, pancreas, colon, small 
intestine, and abdominal wall. The nine major upper 
abdominal peritoneal reflections include the gastro- 
hepatic ligament, the hepatoduodenal ligament, the 
gastrocolic ligament, the transverse mesocolon, the 
duodenal ligament, the gastrosplenic ligament, the 
splenorenal ligament, the phrenicocolic ligament, 
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and the small bowel mesentery. Gastric cancers com- 
monly spread to involve the gastrohepatic ligament 
or lesser omentum with subsequent spread to the 
hepatoduodenal ligament located along its free edge 
(Fig. 15.2). From this location, the tumor may extend 
cephalad into the liver through the fissure for the 
ligamentum venosum separating the caudate lobe 
from the left hepatic lobe. Once tumor enters the 
liver, it may extend along the periportal space follow- 
ing the branches of the portal vein. Tumor may even- 
tually reach the left intersegmental fissure and track 
along the falciform ligament to reach the anterior 
abdominal wall. Alternatively, gastric cancers located 
along the greater curvature may spread inferiorly 
along the gastrocolic ligament to reach the transverse 
colon and the transverse mesocolon, which is its attach- 
ment to the posterior abdominal wall (Fig. 15.2). 
Tumor may then involve the greater omentum formed 
from the fused layers of the gastrocolic ligament and 
the transverse mesocolon. Using the same peritoneal 
pathway, transverse colon cancers may extend 
cephalad along the gastrocolic ligament to reach the 
greater curvature of stomach. 

These same peritoneal pathways also connect 
extraperitoneal organs with intraperitoneal organs. 
The classic example of pancreatic cancer spreading 
superiorly along the hepatoduodenal ligament to 
reach the liver and periportal space was described 
above. Pancreatic cancer can also spread inferiorly 
into the retroperitoneal attachment of the transverse 
mesocolon or small bowel mesentery to reach the 
transverse colon or small intestines. Pancreatic tail 
cancers can spread laterally into the splenorenal, gas- 
trosplenic, or phrenicocolic ligaments. In fact, malig- 
nancy originating in any of the upper abdominal 
organs can track along the peritoneal reflections and 
ligaments to reach contiguous and noncontiguous 
organs. A thorough knowledge of the upper abdomi- 
nal peritoneal anatomy will assist the radiologist in 
interpreting cross-sectional abdominal examinations 
in the oncology patient with disseminated tumor. 

In the pelvis, the peritoneal reflections and mes- 
enteries similarly connect the uterus, ovaries, blad- 
der, gastrointestinal tract, and pelvic sidewalls. 
Ovarian cancer may spread along the broad ligament 
to involve the serosal surface of the uterus or may 
spread laterally to involve the peritoneum of the pel- 
vic sidewalk Adenocarcinoma of the left ovary may 
extend into the sigmoid mesentery to involve the sig- 
moid colon. A sigmoid colon cancer may spread to 
involve the sigmoid mesentery and the adjacent pel- 
vic sidewalk Rectal and prostate cancers may directly 



spread to involve adjacent organs and the intervening 
peritoneal reflections of the pelvis. 

15.5.1.3 

Hematogenous Tumor Dissemination 
to the Peritoneum 

Blood borne metastases to the peritoneum, mesen- 
tery, omentum, and bowel occur in patients with 
widely metastatic tumor. Hematogenous peritoneal 
metastases most commonly occur with primary 
tumors of the breast, lung, and metastatic melanoma 
(Fig. 15.8). Patients may present with bowel obstruc- 
tion, gastrointestinal bleeding, ascites, or increasing 
abdominal girth. In some cases, these signs of abdom- 
inal metastases may be the initial presentation prior 
to diagnosis of the primary malignancy. Metastatic 
melanoma to the gastrointestinal tract results in the 
classic target appearance with multiple centrally 
ulcerated submucosal nodules. In our experience, 
metastatic breast cancer often presents with a scir- 
rhous appearance owing to sheets of poorly defined 
tumor coating the peritoneum and gastrointestinal 
tract. Diffuse involvement of the stomach may pro- 
duce a linitus plastica appearance with a nondisten- 
sible stomach encased in tumor. Bronchogenic 
carcinoma may produce metastases to the perito- 
neum, mesentery, and bowel, most commonly occur- 
ring in the setting of widely metastatic tumor. 

15.5.2 

Ovarian Cancer 

Epithelial carcinoma of the ovary is one of the most 
common gynecologic malignancies and the fifth most 
frequent cause of cancer death in women, with 50% of 
all cases occurring in women older than 65 years. 
Widespread tumor dissemination at the time of diag- 
nosis is common with more than 60% of patients pre- 
senting with Stage III or IV disease (American Cancer 
Society 2008). Most of these women have peritoneal 
metastases to abdomen and pelvis. Intraperitoneal 
tumor spread occurs with ovarian cancer as tumor 
cells are shed into the peritoneal cavity followed by 
implantation on the peritoneum in areas of stasis. 
Local invasion of bowel, bladder, and other organs 
also commonly occurs. The incidence of malignant 
lymph nodes at primary surgery has been reported to 
be as much as 24% in patients with stage I disease, 
50% in patients with stage II disease, 74% in patients 
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Fig. 15.8. Hematogenous peritoneal metastases - 60-year- 
old woman with breast cancer and abdominal distension, 
(a) Delayed gadolinium-enhanced SGE image shows ascites 
and abnormal perionteal enhancement (arrows) indicating 
peritoneal carcinomatosis. (b)Delayed gadolinium-enhanced 
SGE image shows subtle peritoneal metastases involving 



the pelvic side wall (long arrows) and the anterior parietal 
peritoneum (short arrows), (c) DW image fr-value 400s/mm 2 
shows a 3-cm perirectal tumor (arrow) that was not prospec- 
tively identified on the gadolinium-enhanced images. The 
high tumor to background contrast of the DW images can 
improve the depiction of peritoneal and serosal tumors 



with stage III disease, and 73% in patients with stage 
IV disease (Burghradt et al. 1991). 

In patients with primary ovarian cancer, accurate 
preoperative MR imaging and CT can assist the 
oncologist in making treatment decisions (Qayyum 
et al. 2005). Patients with bulky abdominal tumor are 
often treated with several cycles of chemotherapy to 
reduce the tumor burden prior to surgical staging 
and cytoreduction (NIH 1995). Surgical understaging 
occurs frequently. Preoperative cross-sectional imag- 
ing is useful to improve surgical staging by directing 
the location of intraoperative biopsies. In patients 
with treated ovarian cancer, the value of accurate 
imaging studies is even more important. Following 
chemotherapy, the serum CA-125 tumor marker is an 
unreliable indicator or residual tumor. A normal 
serum CA-125 level following treatment has a low 



negative predictive value for the presence of residual 
tumor. In some studies, over one half of women with 
a normal CA-125 level following treatment for ovar- 
ian cancer have residual tumor. Second-look laparo- 
tomy is rarely performed as surgical reassessment 
has very little effect on outcome. In this clinical set- 
ting, accurate imaging assessment of residual tumor 
is critical to make treatment decisions. 

The accuracy of gadolinium-enhanced MR imag- 
ing in depicting peritoneal metastases in ovarian 
cancer is well established and is superior to that of 
CT (Low et al. 1999; Ricke et al. 2003) (Fig. 15.3). In 
16 patients with primary ovarian cancer, MR imag- 
ing depicted 81% of peritoneal metastases when 
compared with 51% for helical CT (Low et al. 1995). 
The difference was most notable for small (<lcm) 
metastases with MR imaging depicting 71% of sub- 
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centimeter tumors compared with 32% for helical 
CT. In a recent study, we compared MR imaging and 
laparotomy reassessment in 76 women with treated 
ovarian cancer using clinical outcome at 1 year as the 
gold standard. MR imaging and surgical reassess- 
ment were equally accurate for depicting residual 
tumor following treatment. MR imaging had a 90% 
sensitivity, 88% specificity, and 89% accuracy when 
compared with laparotomy (88%, 100%, 89%). The 
positive predictive values for MR imaging and lapa- 
rotomy were 98% and 100% while the corresponding 
negative predictive values were 50% for both tests 
(Low et al. 2005). In our current practice, surgical 
reassessment in women with treated ovarian cancer 
is rarely performed. The results of serial MR exami- 
nations are combined with those from serial CA-125 
values to make treatment decisions regarding the 
need for additional chemotherapy or surveillance. In 
a prospective evaluation of peritoneal spread in pri- 
mary or recurrent ovarian cancer, Ricke et al. found 
that fat-suppressed gadolinium-enhanced MRI 
improved planning of cytoreduction preceding che- 
motherapy in advanced primary or relapsed ovarian 
carcinoma. Sensitivity for tumor was high in the 
lower pelvis (73-83%) and for the bowel and mesen- 
tery (73-77%) and was lower for the bladder (40%), 
omentum (38%), and pelvic lymph nodes (28%) 
(Ricke et al. 2003). In our experience, the addition of 
DW imaging will significantly improve these results 
for peritoneal, serosal, and nodal metastases in 
patients with ovarian cancer (Low 2009). 



15.4.3 

Gastrointestinal Cancers 

Primary tumors of the stomach, small intestine, colon, 
and rectum often metastasize to the peritoneum via 
intraperitoneal tumor dissemination. In a study of 
458 patients with gastric cancer, 28% showed tumor 
cells within peritoneal lavage fluid. Sixteen percent of 
patients undergoing curative resection for gastric 
cancer showed positive peritoneal lavage cytologic 
evaluation (Nakajima et al. 1978). Similarly, Stage IV 
primary colorectal cancer may present with perito- 
neal metastases involving the pelvis, free peritoneal 
surfaces, omentum, mesentery, and bowel serosa. 
Recurrence of gastrointestinal cancers also often 
involves the peritoneum. It is estimated that 20-50% 
of recurrences of colon cancer involves the perito- 
neum and is thus a major source of treatment failure 
for patients with colorectal cancer (Bleiberg). The use 



of adjuvant heated intraperitoneal chemotherapy at 
the time of initial surgical resection of the gastric or 
colorectal cancer has been advocated to decrease the 
likelihood of subsequent peritoneal recurrence. 

MR imaging detects the primary gastric or col- 
orectal cancer as well as the intraperitoneal metasta- 
ses (Beets-Tan and Beets 2004). Primary intestinal 
cancers are depicted as focal areas of mural thicken- 
ing or mural masses (Fig. 15.2). These findings are 
demonstrated on unenhanced Tl- and T2-weighted 
images and on the fat-suppressed gadolinium- 
enhanced images (Brown et al. 1999). DW images 
are also particularly useful as these primary gastro- 
intestinal tumors demonstrate restricted water diffu- 
sion and are markedly hyperintense on magnitude 
DW images (Ichikawa et al. 2006). The conspicuity 
of the primary tumor on DW images makes them one 
of the most useful MR images to confirm the location 
of a primary intestinal malignancy (Low et al. 2007). 
Peritoneal metastases from gastric and colorectal 
cancers are shown on MR imaging as peritoneal 
thickening, nodules, or masses, which may be focal or 
widely disseminated. As with peritoneal metastases 
from other tumors, they are best demonstrated on 
delayed, fat-suppressed gadolinium-enhanced images 
(Low et al. 2007) (Fig. 15.4). Larger masses such as 
Krukenberg ovarian metastases from gastric cancer 
will be easily depicted on all MR images. However, 
more subtle peritoneal tumors and carcinomatosis 
are typically seen only because of their enhancement 
with gadolinium chelates. DW images using an inter- 
mediate b -value are a very useful adjunct for showing 
peritoneal and serosal tumor as areas of restricted 
diffusion (Low et al. 2009). Nodal metastases from 
intestinal cancers are almost always best demon- 
strated on DW imaging. The ability of MR imaging to 
accurately depict peritoneal metastases in patients 
with gastrointestinal malignancy is critical in deter- 
mining patient management at initial diagnosis. For 
the patient in remission, MR imaging effectively 
delineates sites of local and distant tumor recurrence, 
which may involve the peritoneum. 



15.5.4 

Pseudomyxoma Peritonei 

Mucinous appendiceal neoplasms with peritoneal 
spread are often clinically referred to as pseudomyx- 
oma peritonei syndrome. It is a rare condition with a 
reported incidence of one per million per year, which 
is characterized by accumulation of copious gelatinous 
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Fig. 15.9. Pseudomyxoma peritonei - 70-year-old woman 
with increasing abdominal distension. Axial fat suppressed 
T2 -weighted image (a) shows confluent bulky tumor (arrows) 
in the upper abdomen surrounding the liver, stomach, and 
spleen. Delayed gadolinium-enhanced 2D SGE image (b) 
confirms the bulky upper abdominal peritoneal tumors. 



The degree of tumor enhancement is less than that of the 
liver, which indicates a DPAM (disseminated peritoneal ad- 
enomucinosis) or intermediate grade mucinous peritoneal 
tumor. Findings were confirmed by biopsy and histopatho- 
logic evaluation 



masses throughout the peritoneal cavity. Mucinous 
appendiceal neoplasms may be associated with 
appendiceal mucin-producing adenomas or adeno- 
carcinomas. Mucin -producing tumor cells escape 
from the appendix and distribute throughout the 
peritoneal cavity. The peritoneal lesions contain 
varying amounts of benign mucin and cellular mate- 
rial composed of mucinous epithelium and adenoca- 
rinoma. The spectrum of disease of pseudomyxoma 
peritonei syndrome maybe separated into three clin- 
ical pathologic categories as described by Ronnett 
and colleagues (1995). Disseminated peritoneal ade- 
onmucinosis (DPAM) is a benign condition arising 
from appendiceal adenomas while peritoneal muci- 
nous carcinomatosis (PMCA) is characterized by 
architectural and cytological features of adenocari- 
noma. PMCA arises from appendiceal or intestinal 
mucinous adenocarcinomas. An intermediate cate- 
gory occurs with features in between those of DPAM 
and PMCA. The classification of pseudomyxoma 
peritonei determines the clinical course and long- 
term survival. The age adjusted 5 -year survival for 
DPAM is 84% when compared with 37.5% for patients 
with intermediate features, and 6.7% for those with 
PMCA (Cerame 1988). 

Surgical cytoreduction with intraperitoneal che- 
motherapy form the foundation of treatment for 
mucinous appendiceal neoplasm with peritoneal 
spread. Successful cytoreduction requires removal of 
all gross peritoneal tumors (Glehen et al. 2004). 



However, complete surgical cytoreduction cannot be 
achieved in all patients. Careful patient selection is 
essential because of the potential high postoperative 
morbidity and mortality of the procedure. 

Preoperative MR evaluation of patients with 
pseudomyxoma peritonei can be used to determine 
the location and extent of peritoneal tumor, to pre- 
dict successful surgical resection, and to predict the 
histologic tumor grade. MR findings that predict 
suboptimal cytoreduction included a large >5cm 
mesenteric mass, diffuse mesenteric tumor, tumor 
encasement of mesenteric vessels, or diffuse serosal 
tumor (Low et al. 2008). The mucinous component is 
well demonstrated on T2-weighted images. DW 
images are useful to distinguish high signal intensity 
tumor with its restricted diffusion from ascites, 
which is suppressed. Histologic classification of 
tumor is accurately predicted by the degree of tumor 
enhancement with intravenous gadolinium. Lower 
grade DPAM and intermediate tumors display only 
mild enhancement that is typically equal to or less 
than that of the liver parenchyma on delayed images 
(Fig. 15.9). High-grade PMCA tumors exhibit marked 
gadolinium enhancement that is more than that of 
the liver parenchyma and often equal to that of intra- 
vascular gadolinium in the aorta or IVC (Fig. 15.10). 
Quantitatively, Tumor: Liver contrast for DPAM and 
Intermediate tumors was 0.67 + 0.13 when compared 
with 1.53 + 0.28 for PMCA (p < 0.0001) (Low et al. 
2008). The information obtained from preoperative 



MRI of the Peritoneum 265 




Fig. 15.10. Pseudomyxoma peritonei - 70-year-old woman 
with abdominal fullness. Coronal gadolinium-enhanced 
MR image demonstrates bulky enhancing peritoneal tumor 
(arrows) in the upper and middle abdomen. The tumors show 
marked gadolinium enhancement, which is greater than that 
of the liver. The degree of tumor enhancement indicates a 
high-grade PMCA tumor (peritoneal mucinous carcinomato- 
sis). Laparotomy confirmed metastatic intraperitoneal tumor 
from a primary mucinous appendiceal adenocarcinoma 

MR imaging can assist the surgeon in selecting 
patients for surgical resection. Patients with lower 
grade tumors and those with less extensive mesen- 
teric and serosal tumor involvement are better can- 
didates for laparotomy and tumor debulking. 



15.5.5 

Mesothelioma 

Malignant peritoneal mesothelioma is a rare aggres- 
sive tumor of the peritoneum with mean survival of 
6-12 months (Sugarbaker et al. 2003) (Fig. 15.11). 
Peritoneal mesothelioma is much less common than 
pleural mesothelioma with only 20-30% of mesothe- 
liomas arising from the peritoneum. The incidence 
of peritoneal mesothelioma is one per 1,000,000. Risk 
factors include asbestos exposure, which can be doc- 
umented in 50% of patients with peritoneal meso- 
thelioma (Raptopoulos 1985). Patients present with 
nonspecific symptoms including abdominal pain, 
distention, anorexia, weight loss, and ascites. Imaging 




Fig. 15.11. Peritoneal mesothelioma - 59-year-old woman 
with and abdominal distension. Coronal fat-suppressed, 
gadolinium-enhanced 3D FSPGR image shows moderately 
bulky omental and peritoneal tumor (arrows), (b) Axial fat- 
suppressed, gadolinium-enhanced 2D SGE image shows dif- 
fuse peritoneal thickening and enhancement (arrows) and 
nonenhancing ascites. Surgery and histopathologic exam 
confirmed peritoneal mesothelioma 

findings are also nonspecific so that definitive diag- 
nosis of peritoneal mesothelioma depends on histo- 
logic and immunohisto chemical examination. 
Optimal treatment consists of cytoreductive surgery 
and intraperitoneal chemotherapy, which can pro- 
long median survival to 50-60 months (Mohamed 
and Sugarbaker 2002). 

Peritoneal mesothelioma can be classified into three 
categories. "Dry-painful" type is the most common 
demonstrating a single large mass or multiple small 
peritoneal masses without ascites. The "wet" type is 
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Fig. 15.12. Cystic mesothelioma - 23-year-old woman pre- 
senting with right lower quadrant pain. Coronal gadolinium 
enhanced 3D FSPGR image (a) shows nonenhancing cystic 
masses (arrows) adjacent to the liver and within the pelvis. 
Laparotomy-confirmed cystic mesothelioma. Surgical speci- 
men (b) shows one of the gelatinous masses 



characterized by ascites and intestinal distension with 
extensive small nodules and plaques, and no solid 
masses. The third type of peritoneal mesothelioma is 
the "mixed" form with a combination of findings. 

Cystic mesothelioma is a rare intermediate-grade 
tumor with a predilection for surfaces of the pelvis. 
Lesions consist of multiple grapelike clusters of meso- 
thelial-lined cysts separated by fibrous tissue (Fig. 
15.12). Cystic mesothelioma is a tumor commonly 
occurring in young to middle-aged women who pres- 
ent with nonspecific abdominal pain, tenderness, or 
abdominal distension (Cunha et al. 2002). 



MR imaging of peritoneal mesothelioma demon- 
strates peritoneal thickening and enhancement with 
or without associated ascites (Puvaneswary et al. 
2002) (Fig. 15.11). To date, MR descriptions of perito- 
neal mesothelioma have been limited to case reports 
with one or two examples. As tumors progress, single 
or multiple abdominal and pelvic tumor masses will 
be demonstrated involving the peritoneum, omen- 
tum, or mesentery. Subsequent bowel obstruction 
produces focally dilated loops of bowel and an 
obstructing tumor mass. Mesenteric mesothelioma 
may produce a desmoplastic effect with encasement 
of bowel and mesenteric vessels. Cystic mesothe- 
lioma is depicted on MR imaging as multiple thin 
walled fluid containing cystic masses (Fig. 15.12). 

15.5.6 

Primary Peritoneal Cancer 

Primary peritoneal carcinoma (PPC) is a rare cancer 
closely related to papillary serous epithelial ovarian 
cancer in its clinical presentation, histologic appear- 
ance, and response to chemotherapy. It may account 
for up to 10% of cases presumptive ovarian cancer. 
Unlike ovarian cancer, primary peritoneal carcinoma 
develops within cells of the peritoneal lining of the pel- 
vis and abdomen. These cells closely resemble the epi- 
thelial cells on the surface of the ovaries. It is thought 
that primary peritoneal cancer may develop from rem- 
nants of ovarian tissue that remain from fetal develop- 
ment or may occur following metaplasia of peritoneal 
cells into ovarian epithelial cells (Piver et al. 1993). 

• This cancer occurs almost exclusively in post- 
menopausal women who present with anorexia, 
abdominal pain, distension, changes in bowel 
and bladder habits, and unexplained weight 
gain. At diagnosis, patients have widespread 
multifocal peritoneal tumors with minimal or 
no ovarian involvement. Similar to other cancers 
undergoing intraperitoneal dissemination, PPC 
tends to spread along the peritoneal surfaces of 
the abdomen and pelvis with eventual tumor 
dissemination to involve all peritoneal, serosal, 
and omental surfaces. At laparotomy, PPC is 
identical in appearance to Stage III or IV epithe- 
lial ovarian cancer that has spread throughout 
the intraperitoneal cavity. Histologically and 
clinically, PPC closely resembles epithelial ovar- 
ian cancer. Other names for this cancer include 
extra-ovarian primary peritoneal carcinoma or 
serous surface papillary carcinoma. Primary 
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Fig. 15.13. Primary peritoneal cancer - 67-year-old woman 
with hip pain and abdominal discomfort. Delayed gadolin- 
ium-enhanced SGE image (a) demonstrates subtle abnormal 
peritoneal enhancement indicating peritoneal carcinoma- 



tosis. Diffusion-weighted MRI image b-value 400s/mm 2 (b) 
shows a thin rim of peritoneal tumor involving the right and 
left subphrenic peritoneum (long arrows). A small right sub- 
hepatic peritoneal tumor (short arrow) is also noted 



peritoneal cancer may occur years after salpingo- 
oophorectomy and may eventually develop in up 
to 5% of women who have previously undergone 
oophorectomy for benign disease or prophylaxis 
(Eltabbakh and Piver 1998). 
On MR images, PPC is depicted as peritoneal 
carcinomatosis with an appearance identical to 
metastatic epithelial ovarian cancer. Absence of 
an ovarian mass or other primary malignancy 
is critical to diagnosis of PPC. Other features of 
PPC include omental caking and peritoneal cal- 
cifications. There have been no formal reports of 
the use of MR imaging for patients with PPC. As 
with other types of peritoneal tumor, delayed fat 
suppressed gadolinium-enhanced MR imaging 
and DW imaging should be the most sensitive 
MR images for depicting PPC (Fig. 15.13). 



Conclusion 

MR imaging is uniquely suited for evaluation of 
benign and malignant peritoneal diseases. With its 
unmatched contrast resolution and excellent spatial 
resolution, MRI can routinely depict small volume 
peritoneal tumors and carcinomatosis as well as 
benigninflammatoryperitonealdiseases.Gadolinium- 
enhanced MR imaging combined with newer imaging 



techniques including DW imaging affords a level of 
sensitivity for peritoneal diseases that makes MRI the 
examination of choice. 
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KEY POINTS 



Among the various causes of bowel obstruction, 
adhesions are most likely to be found and can be a 
disastrous alliance. The first-line modality in an 
acute emergency with pending ileus is CT. 
Nevertheless, MRI can provide superior informa- 
tion. Besides the classical signs of obstruction with 
distended bowel loops and transition points, its 
potential to detect visceral slide using functional 
cine MRI has been proven. 



Introduction 

Intraabdominal adhesions are the most common 
cause of bowel obstruction at least in the industrial- 
ized countries, accounting for approximately 65-75% 
of cases (Menzies and Ellis 1990). There is a wide 
range of values reported in the literature for the risk 
of developing adhesive bowel obstruction after sur- 
gery. In general, procedures in the lower abdomen, 
pelvis, or both and those resulting in damage to a 
large peritoneal surface area tend to put patients at a 
higher risk (Dijkstra et al. 2000). It is estimated that 
the risk of bowel obstruction is 1-10% after appen- 
dectomy (Ahlberg et al. 1997; Zbar et al. 1993), 
6.4% after open cholecystectomy (Zbar et al. 1993), 
and 10-25% after intestinal surgery (Beck et al. 1999; 
Nieuwenhuijzen et al. 1998). 

The presence of adhesions and possibly resulting 
obstruction is usually suspected on the basis of clini- 
cal signs and symptoms and patients' history. Acute 
or chronic pain is most often the only symptom. 



272 A. Lienemann and S. Kirchhoff 



To manage the treatment properly, it is mandatory 
to establish a correct diagnosis and even prognosis 
prior to surgery. This means that the imaging modal- 
ity used has to determine the site, level, and cause of 
bowel obstruction with high accuracy. 

Obstruction can be caused by extrinsic, intrinsic, 
intraluminal, and developmental causes. Computed 
tomography is used in the acute setting, but MRI 
including cine sequences can be a valuable alterna- 
tive. In this chapter, we outline the role of MRI in 
imaging of the various causes of obstruction with the 
main focus on peritoneal adhesions. 



16.2 



MR Imaging Protocols 

MR imaging protocols should be tailored to the 
patient's clinical condition, and image acquisition 
time should be minimized. 

Looking into the literature, MR imaging protocols 
are not standardized. The use of oral contrast mate- 
rial is optional. A combination of ferumoxsil and 
dilute barium has been reported to provide excellent 
depiction on both Tl -weighted and T2-weighted 
images without causing magnetic susceptibility arti- 
facts (Pedrosa and Rofsky 2003). Gadolinium- 
based contrast agents are routinely used intravenously 
except in pregnant women and patients with marked 
renal impairment. Either a free-breathing protocol or 
a breath-hold protocol can be used. The use of a free- 
breathing protocol is preferable for patients who are 
unable to hold their breath for longer than 20 s 
(Semelka et al. 1999). When using the free-breathing 
technique, the most reproducible position for trig- 
gering is end expiration using a navigator technique. 

A typical MR imaging protocol for evaluation of 
the abdomen may include: 

1. Axial and coronal T2-weighted images obtained 
with a half-Fourier single-shot spin echo (acronym: 
HASTE), or a half- Fourier rapid acquisition with 
relaxation enhancement. Insensitivity to suscepti- 
bility or black boundary artifacts and high contrast 
between the lumen and the bowel wall are the main 
advantages of the HASTE sequence. In addition, the 
T2-weighted images provide excellent depiction of 
the pancreaticobiliary tree, ascites, pleural effusion, 
hydronephrosis, and fluid-filled bowels. 

2. T 1 -weighted breath-hold gradient-echo sequences 
including dual-echo sequences that produce both 



in-phase and out-of-phase images. These sequences 
can be used to define hemorrhagic collections. 

3. Axial and coronal unenhanced or contrast- 
enhanced breath-hold 3D interpolated T 1 -weighted 
imaging with fat- saturation (acronyms: VIBE, 
THRIVE, FAME, and LAVA). The high in-plane 
resolution allows for MPR reconstructions and 
simplifies evaluating the course of anatomical 
structures. Owing to the fast acquisition time, sev- 
eral contrast enhancement phases are possible. 

4. Coronal images of coherently balanced steady- 
state free precession sequences (acronyms: 
TrueFISP, FIESTA), which are sensitive to the T2/ 
Tl ratio. Such sequences play a role in visualization 
of the anatomy before organ transplantation or for 
evaluation of vessels for thrombosis or dissection. 



16.2.1 

Functional Cine MRI 

16.2.1.1 
Method 

Functional cine MRI can be explained as obtaining 
consecutive MRI images during respiration with freez- 
ing of motion. It should not be confused with dynamic 
MRI using intravenous or arterial contrast media. 

At present, imaging sequences do not allow a suffi- 
cient depiction of motion using true 3D techniques. To 
overcome this limitation, we developed a special MR 
imaging protocol to visualize extrinsic or intrinsic move- 
ments within the abdomen (Lienemann et al. 2000). 

The basic principle consists in the acquisition of 
multiple single slices at the same slice position. This 
approach allows for a high temporal resolution (one 
image/0.7-1 s) and can thus analyze intrinsic (e.g., 
bowel motility) or extrinsic motion (e.g., straining) 
continuously in more detail at a given anatomical 
position. The duration of a single measurement has 
to be less than the expected frequency of the motion 
itself. Disadvantages are the limited overview and the 
thickness of a single slice. Therefore, to cover the 
whole region of interest (e.g., abdomen) the slice 
position has to be changed repeatedly. 

For the functional MRI examination, high-field 
MRI systems of at least 1.5 T are used. The examina- 
tion is carried out with the patient being in a supine 
position, using a body-array surface coil. No premed- 
ication or opacification of any organs is necessary. 

A coronal localizer with a superimposed grid 
(Fig. 16. 1 ) is used as reference for screening the whole 
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Fig. 16.1. MRI, coronal (a) and axial (b) scout. The superim- 
posed grid allows for precise positioning of the slices. Dur- 
ing the entire procedure, the patient's abdomen is scanned 
from right to left and from cranial to caudal (arrows) with 
an interslice gap of 3 cm 



abdomen in a sagittal and axial direction from right 
to left and from the diaphragma to the pelvic floor. 
For sequence details, see Table 16.1. 

One cycle consists of 10 consecutive measure- 
ments in the same position. During each cycle, the 
patients are asked to increase the intraabdominal 
pressure by straining and to subsequently relax again, 
thus inducing a visceral slide. 

The above-mentioned cycle is repeated in sequence 
until both axial and sagittal images were acquired of 
the whole abdomen. The average distance (= gap) 
between two consecutive slice positions is 3 cm. A 
total of 300-400 images of the whole abdomen were 
acquired. The overall examination time is on average 



Table 16.1. Functional cine MRI: parameters 



Type of sequence 


True FISP 


TR (ms) 


5.8 


TE (ms) 


2.5 


Flip angle (degree) 


70 


Matrix 


228 x 256 


Number of acqusitions 


1 


Field of view (mm) 


400 


Slice thickness (mm) 


7 


Time of acquisition (s) 


1.0 



30 min, which makes this type of examination suit- 
able for everyday work. 

16.2.1.2 

Imaging Criteria 

To facilitate the evaluation of the MR imaging data, 
the entire abdomen is divided into nine segments 
with bilateral vertical lines along the lateral border of 
the rectus abdominis muscle, and transverse lines 
across the inferior costal margins and across the iliac 
crest as initially described by us (Lienemann et al. 
2000) (Fig. 16.2). 

MRI criteria for the diagnosis of adhesions can be 
best explained figurative when compared with a pair 
of swings (see Fig. 16.3). They represent two inde- 
pendent bowel loops, whereas the scaffold symbol- 
izes the border of the peritoneal cavity. The freedom 
of movement back and forth of the two swings stands 
for the movement induced by the Valsalva-maneuver 
(Fig. 16.4). 

Without adhesions, a single bowel loop will move 
back and forth in a mainly cranio-caudal direction 
during the Valsalva maneuver (Fig. 16.4). The pres- 
ence of adhesions will substantially alter this move- 
ment. First, this bowel loop will no longer move in 
and out of an image plane perpendicular to the direc- 
tion of the movement (Fig. 16.5). Second, there will 
be an impediment of the movement next to nonvary- 
ing structures like the peritoneal border. Third, if two 
or more adjacent structures (e.g., other bowel loops) 
are involved, no separation between the single organs 
will occur. This may account for pseudo-ramification 
of bowel loops (Fig. 16.6). In addition, the typical 
boundary artifact, which normally can be seen on 
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Fig. 16.2. This scheme shows the 9-field map of the abdomen 
for locating adhesions throughout the abdomen 




Fig. 16.3. The concept of functional cine MRI using the 
detection of visceral slide can be best explained using a pair 
of swings for comparison. Details given in the text 




Fig. 16.4. If no adhesions are present, there will be no 
restriction of movement in between two adjacent bowel 
loops or between bowel loops and the parietal peritoneum. 
Thus, the swings can independently move forth (a) and back 
(b) as shown in the two images (arrows) 




Fig. 16.5. Formation of adhesions between a bowel loop 
and the peritoneal border will show an adherent structure, 
which exhibits no or only partial movement on a Valsalva 
maneuver 
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Fig. 16.6. Adhesions in between two bowel loops (arrow) will 
alter the degree of movement. The bowel loops stick together 
and no longer move independently of each other 

tissue interfaces on True FISP sequences, will disap- 
pear. Direct signs like a distortion of adjacent organs 
or obstructive, dilated bowel loops with fluid levels 
may also be noticed. 



16.3 



Bowel Obstruction 
16.3.1 

General Considerations 

Two major signs have been reported in the literature 
to be encountered in almost all cases of bowel 
obstruction: 

The identification of dilated, fluid-filled bowel 
loops throughout the whole abdomen or within a 
segment of the abdomen should alert to the diagnosis 
of bowel obstruction (Balthasar 1994; Gazelle 
et al. 1994). A small bowel loop with a diameter greater 
than 2.5-3.0 cm is considered dilated (Fukuya et al. 
1992). However, the degree of bowel dilatation alone 
is not a reliable criterion for distinguishing bowel 
obstruction from an adynamic ileus (Balthazar 
1994). If, in contrast, distension of the entire small 
bowel is observed without colonic collapse, the most 
probable diagnosis is an adynamic ileus. 

Identification of dilated proximal and collapsed 
distal bowel segments is another important sign to 
diagnose bowel obstruction. This so-called bowel 
transition point can be found anywhere in the 
abdomen (Fig. 16.7) (Sandhu et al. 2007). 




Fig. 16.7. Functional cine MRI, sagittal plane at rest: the 
image reveals signs of obstruction with fluid-filled and 
overdistended small loops and ascending colon (asterisks). 
In addition, a stenotic tumor is depicted (arrow), represent- 
ing a carcinoma 



Other signs reported at computed tomography are 
the small bowel feces sign and the whirl sign. Both 
signs are less common but reliable indicators of small 
bowel obstruction. In the small bowel feces sign, gas 
bubbles are mixed with particulate matter in dilated 
small bowel loops proximal to an obstruction (Mayo- 
Smith et al. 1995). The whirl sign is related to volvu- 
lus and has been defined as either a counterclock or 
clockwise swirl extending for at least 90° and includ- 
ing both bowel and vessels (Fisher 1981). Both signs, 
the small bowel feces sign and the whirl sign, can also 
be recognized on abdominal MRI. 

In general, there is difference in the cause of 
obstruction of the small bowel and the large bowel. 
For small bowel obstruction, adhesions present the 
most common cause, whereas cancer is the most 
common cause for large bowel obstruction. 

The level of obstruction is determined by identi- 
fying the site of the transition zone and comparing 
the relative lengths of dilated vs. collapsed bowel in 
case of small bowel obstruction. Indicating the level 
of small bowel obstruction based on the expected 
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position of small bowel loops (e.g., distal jejunum in 
the left lower abdomen) can be misleading. 

Complete vs. partial obstruction of the small 
bowel is determined by the degree of collapse and 
the amount of the residual contents in the portion of 
the bowel distal to the obstructed site. Passage of the 
contrast material through a transition point always 
indicates incomplete obstruction. 

16.3.2 

Extrinsic Causes 
16.3.2.1 

Intraabdominal Adhesions 

Peritoneal adhesions are the most frequent cause of 
small bowel obstruction. Peritoneal adhesions can be 
denned as abnormal fibrous bands between organs 
or tissues or both in the abdominal cavity that are 
normally separated (Sulaiman et al. 2002; Vrijland 
et al. 2002; Vrijland et al. 2003). Adhesions may be 
acquired or congenital. However, most are acquired 
as a result of peritoneal injury, the most common 
cause of which is abdomino-pelvic surgery (Di jkstra 
et al. 2000). It is estimated that 93-100% of patients 
who undergo transperitoneal surgery will develop 
postoperative adhesions (Menzies and Ellis 1990). 

Fortunately, most patients with adhesions do not 
experience any overt clinical symptoms. For others, 
adhesions may be the cause of significant morbidity 
and mortality (Ellis et al. 1999). To this day, no clini- 
cal standard exists for any preventive measure, to 
control the formation of postoperative adhesions. 

The correct diagnosis of the presence and extent of 
adhesions in patients with bowel obstruction is of 
great importance regarding indication as well as plan- 
ning of an operation (Freys et al. 1994). Plain film 
radiography of the abdomen may only reveal dis- 
tended air- filled bowel loops with or without air-fluid 
levels. Real-time ultrasonography is able to detect a 
restriction of the movement of abdominal viscera 
(visceral slide) next to the abdominal wall. Small bowel 
enteroclysis occasionally will show fibrous bands with 
luminal narrowing. In addition, externally applied 
manual pressure to the abdomen may fail to show 
separation of adjacent bowel loops (Bartram 1980). 

Bowel obstruction is considered to be present at 
CT when distended bowel loops are seen proximal to 
collapsed loops. When a point of transition from 
dilated to normal-caliber bowel loops without appar- 
ent cause is identified, adhesions are to be presumed. 



Our own results suggest that the best modality for 
the detection of intraabdominal adhesions is func- 
tional cine MRI (Lang et al. 2008). In a recent study, 
89 consecutive patients with adhesion-related com- 
plaints after previous abdominal surgery underwent 
preoperative workup including functional cine-MRI. 
The results were correlated to the findings on 59 lapa- 
rotomies and 30 laparoscopics. The use of functional 
cine-MRI scan for the detection of adhesions showed 
an overall accuracy of 90%, a sensitivity of 93%, and 
a positive predictive value of 96%. The more restricted 
movement due to adhesions, the more accurate scan 
findings resulted. There were no common causes for 
discordant findings. The MRI images revealed most 
adhesions to involve the small intestines (75%), large 
intestines (35%), or abdominal cavity (42%). 

In addition to the aforementioned criteria of 
bowel obstruction (Fig. 16.7), functional cine MRI 
provides additional signs. Large adhesive fibrous 
bands can be seen as homogeneous tissue of low sig- 
nal intensity in all sequences (Fig. 16.8). These bands 
may interconnect and/or cross adjacent small bowel 
loops. The distorsion of neighboring organs includ- 
ing bowel loops during Valsalva maneuver is consid- 
ered to be another direct sign for the presence of 
adhesions (Fig. 16.8). Next, one should look for a 
hampered visceral slide of adjacent structures to 
each other or along the peritoneal layer and/or a 
missing separation between them (Fig. 16.9). If the 
omentum or other parts of the mesenteric fat stick to 
the peritoneal layer, the hypointense vessels within 
the hyperintense mesenteric fat may exhibit a per- 
pendicular angle with the abdominal wall and show a 
cut-off-like appearance. In addition, vanishing sus- 
ceptibility artifacts suggest an obliteration of the 
mostly fatty tissue between two adjacent bowel loops. 
This may lead to a pseudo-branching or star-like 
appearance of bowel loops (Fig. 16.10). 

16.3.2.2 
Hernia 

Hernia is the second most frequent cause of small 
bowel obstruction, with a reported prevalence of 
approximately 10% (Bizer et al. 1981). Based on the 
anatomic origin of its orifice, hernias can be classi- 
fied into external (e.g., inguinal, femoral, obturator) 
and internal (e.g., paraduodenal, foramen of winslow, 
intersigmoid) hernia. 

Most often, the orifice of an external hernia is 
located in specific sites of congenital weakness or 



MRI of Adhesions and Small Bowel Obstruction 



277 



Fig. 16.8. Functional 
cine MRI, sagittal plane 
at rest (a) and during 
Valsalva maneuver (b) 
of a 45-year-old woman 
suffering from unspecific 
abdominal pain following 
previous appendectomy: 
Two small bowel loops are 
adherent to the ventral 
abdominal wall (arrow). 
During a Valsalva maneu- 
ver, one can notice a lack 
of separation and excur- 
sion of the bowel loops 
alongside the peritoneal 
border. At the most cra- 
nial end of the adhesion, 
there is a steep angle 
(curved arrow), indicating 
a nonadhesive portion of 
a small bowel loop 



Fig. 16.9. Functional cine MRI, axial plane at rest (a) and 
during Valsalva maneuver (b): next to a postoperative scar 
several small bowel loops can be noticed (asterisk). They 



previous surgery. Therefore, defects in the abdomi- 
nal or pelvic wall account for most external hernias 
(Fig. 16.11), with inguinal hernias being the most 
common abdominal wall hernias. 

An internal hernia is a herniation of the bowel 





show no excursion during Valsalva maneuvers. There is also 
an abdominal wall hernia (arrows) with bowel entering the 
hernial sac 



defect of the peritoneum, omentum, or mesentery. 
They are less common than external hernias. 
Diagnosis is always based on radiological findings 
alone. 

Functional cine MRI is useful in detecting hernias 



loops through a developmental or surgically created in unsuspected sites, in obese patients, or after 
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Fig. 16.10. Functional cine MRI, axial plane at rest of a 
37-year-old female with a history of adhesions and pain in 
the lower abdomen. In the lesser pelvis, adhesions between 
multiple small bowel loops and the right adnexial region can 
be noticed. This leads to a star-like or pseudo-branching 
appearance (arrows) 




Fig. 16.11. Functional cine MRI, axial plane of a 61-year-old 
male patient after laparoscopic hernia repair: postoperative 
diastasis of the rectum muscle with formation of a broad 
hernia (arrows). Multiple adhesions of small bowel loops 
next to the peritoneum are present. In addition, one fluid- 
filled bowel loop shows a thickening of the wall (asterisk) 

surgery (Fig. 16.9). In a study with 43 patients, we 
were able to reliably detect and evaluate implanted 
meshes and reveal typical complications like mesh 
defects and dislocation, adhesions, and abdominal 
wall dysmotility (Kirchhoff et al. 2009). 

Complications include strangulation and the for- 
mation of a closed loop. 

The reported prevalence of strangulating small 
bowel obstruction ranges from 5 to 42% with a mor- 
tality rate ranging from 20 to 37% (Bizer et al. 1981; 
Sarr et al. 1983). In cases of a strangulated hernia, 
compromise of the blood supply is present. This results 
in a circumferential bowel wall thickening, referred to 
as the target sign. Adjacent inflammatory changes 
with local mesenteric edema due to congestion and 



pathological uptake of contrast media can be seen on 
MRI in association with small bowel obstruction. 
Eventually, ascites and pneumatosis intestinalis may 
develop. 

A closed small bowel loop presents as a mechani- 
cal obstruction in which a segment of bowel together 
with its mesentery is occluded at two points along its 
course by a single constrictive lesion. The closed loop 
is able to rotate along its axis, thereby producing a 
small bowel volvulus. 

Depending on the length, degree of distention, and 
orientation of the closed loop, sometimes MRI is able 
to depict a U- or C- shaped configuration on the images 
with stretched mesenteric vessels converging toward 
the site of torsion. At the site of obstruction, a fusiform 
tapering of the involved small bowel segment (beak 
sign) or a volvulus with a whirl sign may be noticed. 

16.3.2.3 

Extrinsic Masses 

A wide variety of neoplastic, inflammatory, and vascu- 
lar lesions may also cause bowel obstruction, either by 
direct luminal compression or by initiating a desmo- 
plastic reaction of the bowel wall through the serosa. 

Peritoneal Carcinomatosis 

Advanced peritoneal carcinomatosis is the most 
common cause of bowel obstruction. On MRI, mul- 
tiple transition zones of nodular wall thickening are 
demonstrated (Megibow 1994). 

Ovarian carcinoma is the most frequent cause of 
metastatic disease to the peritoneal cavity and omen- 
tum. Other tumors that frequently spread to the 
omentum include carcinoma of the colon, stomach, 
pancreas, breast, and endometrium. Carcinoid tumors 
and desmoid tumors may have radiographic features 
similar to those of peritoneal carcinomatosis. 

Lymphoma 

Primary non-Hodgkin's lymphomas of the small 
bowel rarely cause obstruction, even when they are 
annular, because they are soft lesions that infiltrate 
the bowel wall and tend to produce early cavitation. 
However, nodal non-Hodgkin's lymphomas may arise 
in the mesentery and grow to invade small bowel seg- 
ments, causing obstruction by compression, kinking, 
and infiltration. MRI findings include polycyclic 
masses within the mesenteric root with infiltration of 
adjacent bowel loops and signs of obstruction. 
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Appendicitis and Diverticulitis 

In appendicitis and diverticulitis, small bowel obstruc- 
tion may occur when complications such as phleg- 
mon, abscess, and peritonitis develop. This might be 
due to the anatomic proximity to the sigmoid colon 
or appendix, which makes portions of the small 
bowel vulnerable to pericolic inflammatory pro- 
cesses. The bowel loops become trapped within the 
inflammatory processes, resulting in fixation and 
narrowing. Thus, a pericolic process may directly 
affect adjacent small bowel loops, resulting in obstruc- 
tion (Kim et al. 1998). 



16.3.3 

Intrinsic Causes 

Intrinsic lesions such as neoplasms, inflammatory or 
vascular lesions, and hematoma lead to bowel wall 
thickening. Because of the liquid content, small bowel 
obstruction occurs only when lesions grow large 
enough to cause significant luminal narrowing. 

Adenocarcinoma and Crohn's disease are the most 
frequent intrinsic lesions to cause small bowel obstruc- 
tion. However, Crohn's disease is the more frequent 
one. Radiation enteropathy and intramural hematoma 
are other, rare causes. Most intrinsic bowel lesions 
causing obstruction are seen at the transition zone 
and manifest as localized mural thickening on MRI. 

16.3.3.1 

Adenocarcinoma 

Adenocarcinoma of the small bowel is seen more fre- 
quently in the duodenum and proximal jejunum than 
in the ileum (Levine et al. 1987). The tumor is usu- 
ally detected at an advanced stage. The tumor itself 
usually manifests as mural thickening with luminal 
narrowing and possible invasion of adjacent struc- 
tures (Figs. 16.7 and 16.12). Besides depicting local 
anatomy, MRI can provide useful information of 
metastatic lesions and lymphadenopathy. 

16.3.3.2 
Crohn's Disease 

In advanced stages of Crohn's disease, patients fre- 
quently present with recurrent episodes of partial 
small bowel obstruction (Fig. 16.13). MRI performed 
as MR enterography or MR enteroclysis is extremely 




Fig. 16.12. Functional cine MRI, sagittal plane at rest: ven- 
tral to the right kidney a group of small bowel loops is visible 
(asterisk). Some of these small bowel loops stick together 
and show a luminal distention. The underlying cause is a 
tumor mass (small arrows) being a histological proven car- 
cinoma of the small bowel 

useful to determine the site, level, and cause of small 
bowel obstruction secondary to Crohn's disease (see 
Chaps. 8-10). In the acute phase, images may show a 
wall thickening and luminal narrowing together with 
an increased uptake of contrast media in the wall of 
the affected bowel segments. Even a mural stratifica- 
tion and a target-like or "double halo" appearance can 
be seen. During the chronic phase, mural stratification 
disappears. In addition, fat deposition in the bowel 
wall in Crohn's disease indicates inactive disease. 



16.3.3.3 

Radiation Enteropathy 

Radiation enteropathy may cause small bowel 
obstruction (Deitel Vasic 1979). The changes are 
mainly restricted to the irradiated area. In such cases, 
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Fig. 16.13. Functional cine MRI, coronal plane at rest: 
Within the abdominal cavity multiple distended and fluid- 
filled small bowel loops are present (asterisk). The transi- 
tion point is in the midabdomen (arrow). On laparoscope an 
intususception with a midgrade stenosis was found due to 
underlaying Crohn's disease with an adherent neighboring 
small bowel loop 



obstruction is caused by adhesions and by a luminal 
narrowing and dysmotility related to radiation 
mucositis and serositis. MRI may show the extent of 
mural thickening and mesenteric fibrosis. 

16.3.3.4 

Intramural Intestinal Hemorrhage 

In adults, intramural intestinal hemorrhage may 
involve any portion of the small bowel and is usually 
a complication of anticoagulation therapy. However, 
it may also be secondary to any condition that pre- 
disposes to bleeding or result from trauma or 
biopsy. 

Intramural intestinal hemorrhage most often 
involves the duodenum and jejunum. Detection on 
MRI depends on the "age" of the hematoma in view 
of the sequence used. The perception of the hema- 
toma may also be impaired by a similar signal inten- 
sity of the bowel content. 



16.3.3.5 

Intussusception 

Various extrinsic, intrinsic, or intraluminal processes 
may result in small bowel intussusception (Abiri 
et al. 1986). Polypoid tumors are the most common 
cause of small bowel intussusception in adults 
(Fig. 16.13). Intussusception may occur in extrinsic 
disorders such as adhesions or duplications. The 
mechanism consists of an invagination of an entire 
proximal small bowel loop and part of its mesentery 
into the lumen of a more distal small bowel. 

Although diagnosis on MRI alone may be difficult, 
on CT three patterns depending on the severity and 
duration of the disease have been described (Merine 
et al. 1987): a sausage- shaped mass with a wall-in- wall 
appearance, a target sign, and a reniform mass. 

16.3.4 

Intraluminal Causes 

16.3.4.1 
Bezoars 

Bezoars are an unusual cause of acute abdomen due to 
small bowel obstruction. Complete mechanical bowel 
obstruction is the most frequent clinical manifestation 
of bezoars. The obstruction caused by small bowel phy- 
tobezoars frequently occurs in the jejunum. One may 
find an intraluminal mass in the transition zone causing 
obstruction. Fluid in the small bowel helps to outline the 
mass, which has an inhomogeneous signal intensity 
with air retained in the interstices. An important differ- 
ential diagnosis may be the small bowel feces sign in 
patients with high-grade small bowel obstruction. 

16.3.4.2 

Other Intraluminal Causes 

Gallstones, foreign bodies, retained meconium, or 
tangles of ascarides may cause obstruction. 

16.3.5 

Developmental Causes 

16.3.5.1 
Ma I rotation 

Intestinal malrotation is defined as an anomaly of 
rotation and fixation of the midgut. It is usually an 
isolated abnormality, but can be associated with 
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congenital heart disease or situs problems 
(Balthasar 1976). 

Intestinal malrotation in adults is usually an inci- 
dental finding. To underline the diagnosis, it is 
extremely helpful to identify and follow the entire 
small and large bowel pathway on all consecutive 
slices on MRI and CT. Findings include right- sided 
small bowel, left-sided colon, abnormal relationships 
between superior mesenteric vessels, and aplasia of 
the uncinate process. 

Small bowel volvulus is usually secondary to vari- 
ous conditions such as malrotation, congenital bands, 
postoperative adhesions, and internal hernias. 

If a u-shaped configuration or radial distribution 
of distended loops converging toward the point of 
torsion or a mesentery tightly wound around the 
point of torsion (whirl sign) is present, one should 
consider the diagnosis of a volvulus. The whirl sign 
of mesenteric vessels is not a very specific sign and 
may also be identified without volvulus. 



16.4 



Conclusion 

The diagnosis of bowel obstruction and establishing 
the cause of obstruction is based on a comprehensive 
approach that includes clinical background, patient 
history, and results of physical examination. 

Imaging modalities have to provide correct infor- 
mation on level, degree, and cause of the obstruction. 
In an acute setting, CT mainly is the modality of 
choice. MRI and especially functional cine MRI has 
potential as alternative techniques. Although until 
now, data are relatively limited, MRI proved to be 
correct in the detection of adhesions. 
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KEY POINTS 



Magnetic resonance imaging (MRI) has often been 
considered a second-line, alternative imaging 
modality for the evaluation of patients with sus- 
pected acute gastrointestinal tract pathology 
because of its limited availability, cost, and rela- 
tively long imaging times. The multiplanar capabil- 
ity and excellent soft-tissue contrast of MRI, 
combined with the advent of ultrafast MRI tech- 
niques, however, have increased the utilization of 
MRI in more recent years for the imaging assess- 
ment of acute conditions of the gastrointestinal 
tract. Furthermore, because of its lack of ionizing 
radiation, MRI not only plays an especially critical 
role in the imaging evaluation of pregnant patients 
presenting with acute abdominal symptoms, but 
also is evolving to become a principal imaging 
modality for the evaluation of young patients with 
inflammatory bowel disease. This chapter presents 
the general principles regarding the imaging proto- 
cols for the evaluation of appendicitis in pregnant 
and nonpregnant patients, and discusses the MRI 
appearances of a variety of common and uncom- 
mon acute conditions of the gastrointestinal tract. 



17.1 



Introduction 



Karen S. Lee, MD 
Ivan Pedrosa, MD 

Department of Radiology, Beth Israel Deaconess Medical Center, 
330 Brookline Avenue, Boston, MA 02215, USA 



Traditionally, computed tomography (CT) has served 
as the primary imaging modality for the evaluation 
of patients presenting with acute abdominal pain 
and clinically suspected intestinal pathology, with 
MRI relegated as a second-line, problem-solving 
modality. The limited availability, expense, and long 
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acquisition times associated with MRI have ham- 
pered the widespread adoption of this modality in 
acute settings. Furthermore, in the past, MRI evalua- 
tion of the gastrointestinal tract, in particular, was 
challenging due to artifacts related to peristalsis and 
respiratory motion. In more recent years, however, 
MRI has come to be used increasingly to evaluate 
acute abdominal pain, especially in pregnant patients 
where ionizing radiation exposure from CT is unde- 
sirable, and in those patients allergic to iodinated 
contrast. Additionally, the multiplanar capability and 
excellent soft-tissue contrast of MRI, combined with 
the development of ultrafast MRI techniques, have 
enabled MRI to be increasingly employed for the 
diagnosis of acute gastrointestinal conditions. These 
particular characteristics of MRI are especially 
advantageous in patients in whom intravenous con- 
trast is to be avoided, such as those with renal insuf- 
ficiency or allergies to intravenous contrast agents. 
In this chapter, the imaging protocols used by the 
authors for the evaluation of suspected appendicitis 
in both pregnant and nonpregnant patients are pre- 
sented, and the MRI appearance of a variety of com- 
mon and rare acute conditions related to the 
gastrointestinal tract is discussed. 



17.2 



Imaging Protocols 

The MRI protocol should be tailored for the specific 
indication and patient population. Previous chapters 
(Chaps. 1, 8, 9, and 1 1) in this book had discussed the 
protocols used for the targeted evaluation of the 
small bowel and large bowel. The protocol used by 
the authors to evaluate for suspected appendicitis 
both in pregnant (Table 17.1) and nonpregnant indi- 
viduals will be specifically presented. 

For all pregnant patients, informed consent is 
obtained prior to imaging. MRI is considered safe in 
pregnancy, and can be performed regardless of the 
trimester if the data obtained from the examination 
could potentially affect the care of the patient (Kanal 
et al. 2007). Patients are imaged in a supine position, 
and a body phased-array coil is recommended when- 
ever possible because of its higher signal-to-noise 
ratio compared to the built-in body coil. The authors 
routinely administer oral contrast for improved dis- 
tention and visualization of the bowel. An oral con- 
trast preparation containing 450 mL of ferumoxsil 
(Gastromark, Mallinckrodt Medical, St Louis, MO) 



Table 1 7.1 . MRI protocol for pregnant patients with suspected appendicitis 



Pulse sequences 

Coronal i 
single- shot $ 
FSE ] 



Axial Sagittal Axial 2D FS In phase and 

single-shot single-shot single-shot out of phase 
FSE FSE FSE 2D T1W GRE 



Repetition time (ms) 


800-1,100 


800-1,100 


800-1,100 


800-1,100 


205 


5,500 


Echo time (ms) 


60 


60 


60 


60 


2.2/4.5 


100 


Flip angle (degrees) 


130-155 


130-155 


130-155 


130-155 


80 


45 


Section thickness (mm) 


4 


4 


4 


4 


5 


3 


Gap (mm) 


1 


1 


1 


1 


2 


1 


Field of view (mm) 


350 


350 


350 


350 


350 


350 


Number of partitions 
or sections 


20 


20 


20 


20 


32 


24 


Phase x frequency steps 


192 x 256 


192 x 256 


192 x 256 


192 x 256 


160 x 256 


128 x 256 


Rectangular field of view 


No 


0.75 


0.75 


0.75 


0.75 


0.75 


Bandwidth (kHz) a 


62.5 


62.5 


62.5 


62.5 


62.5 


31.25 



FSE fast spin echo; FS fat -saturated; IP in-phase; OP opposed-phase; Tl W Tl -weighted; TOF time of flight 
a 62.5kHz = 488 Hz/pixel, 31.25 kHz = 244 Hz/pixel 
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combined with 300 mL of barium sulfate (Readi-Cat 
2, E-Z-Em, Lake Success, NY) is administered 1-1.5 h 
prior to the MRI study. This iron-containing oral 
preparation acts as a negative contrast agent, there- 
fore providing dark signal intensity on both Tl- and 
T2-weighted sequences, without creating consider- 
able susceptibility artifact (Liebig et al. 1993). In 
order to decrease bowel peristalsis, 1 mg of glucagon 
(Glucagen, Bedford Laboratories, Bedford, OH) is 
administered intramuscularly in nonpregnant 
patients immediately prior to the initiation of imag- 
ing. When butyl scopalaminebromide (Buscopan, 
Boehringer, Ingelheim, Germany) is allowed as bowel 
relaxant (not in the USA), this is preferred over glu- 
cagon. Imaging is obtained at suspended end expira- 
tion with each acquisition lasting approximately 
20-24 s long. 

The use of oral contrast in pregnant patients with 
suspected appendicitis is controversial. MRI without 
oral contrast has been used successfully to evaluate 
acute appendicitis in pregnancy (Cobben et al. 2004; 
Birchard et al. 2005; Oto et al. 2005; Israel et al. 
2008; Oto et al. 2009), with excellent reported appen- 
diceal visualization rates (Oto et al. 2005). Some 
authors have suggested that the lower visualization 
rate of the normal appendix in some of these studies, 
however, may be attributable to the absence of oral 
contrast material (Israel et al. 2008). A recent study 
comparing the visualization of the appendix in 26 
pregnant patients without and with oral contrast 
found an improvement in interreader agreement for 
visualization of the appendix when oral contrast was 
used (Woodfield and Lazarus 2008). In the 
authors' experience, the increased confidence in the 
visualization of the appendix with oral contrast likely 
results in optimal negative laparotomy and perfora- 
tion rates in the pregnant population (Pedrosa et al. 
2009). The potential impact of oral contrast in the 
diagnosis of acute appendicitis in this particular 
patient population, however, requires further 
investigation. 

Axial Tl -weighted in-phase and opposed-phase 
gradient echo (GRE) imaging is useful for the char- 
acterization of soft-tissue lesions by enabling the 
detection of lipid, hemorrhagic, and proteinaceous 
contents (Pedrosa and Rofsky 2003). Additionally, 
magnetic susceptibility from air, calcium, or hemo- 
siderin can be easily detected as a blooming effect on 
the longer echo time sequence (in-phase sequence 
on 1.5 T magnets) compared to the shorter echo time 
sequence (opposed-phase sequence on 1.5 T mag- 
nets) (Pedrosa et al. 2007). 



Axial, sagittal, and coronal T2-weighted fast spin 
echo (FSE) or single-shot FSE imaging is performed 
for localization of anatomic structures and for identi- 
fying pathology. The addition of frequency-selective 
fat saturation pulse to these T2-weighted sequences 
allows for areas of edema, inflammation, and fluid to 
be highlighted. When compared to single-shot tech- 
niques, T2-weighted FSE techniques have higher in- 
plane resolution and higher signal-to-noise ratio due 
to multiple excitations, but are more sensitive to 
motion artifacts (Regan et al. 1998; Pedrosa et al. 
2007). Therefore, in pregnant patients who may have 
a limited breath-hold capability and in whom fetal 
motion can cause substantial image degradation, 
motion-insensitive single-shot FSE techniques are 
essential for accurate evaluation (Eyvazzadeh et al. 
2004; Oto et al. 2005; Pedrosa et al. 2007). Addi- 
tionally, the use of respiratory- triggered single- shot 
sequences can not only be helpful in patients with 
limited breath-hold capability, but also to ensure that 
sequential imaging of the bowel is obtained. The sen- 
sitivity of single-shot FSE acquisitions for the detec- 
tion of lesions and inflammatory changes can be 
improved by optimizing the dynamic range of these 
images with the addition of a frequency-selective fat 
saturation pulse. 

In nonpregnant patients, pre- and dynamic post- 
contrast 3D fat-saturated Tl -weighted spoiled GRE 
are routinely acquired in patients presenting with 
suspected appendicitis without renal failure (esti- 
mated glomerular filtration rate greater than 30 mL/ 
min). Compared to 2D acquisitions, 3D sequences 
provide higher signal-to-noise ratio, and allow for 
thinner sections and multiplanar reformations to be 
generated (Rofsky et al. 1999; Pedrosa et al. 2007). 
A O.lmmol/kg dose of gadopentetate dimeglumine 
(Magnevist; Berlex Laboratories, Wayne, NJ) is 
administered at a rate 2mL/s followed by a 20-mL 
dose of saline at the same rate. A 2-mL test bolus of 
the gadolinium-based contrast agent is injected at 
2mL/s to appropriately time the arterial phase 
(Earls et al. 1997). Arterial phase, portal venous 
phase (20 s after the arterial phase), and delayed 
venous phase (60 s after the arterial phase) imaging 
is then obtained. 

Gadolinium-based contrast agents are not consid- 
ered safe in pregnancy (Shellock and Crues 2004). 
In pregnant patients where the use of gadolinium- 
based contrast agents is contraindicated, axial 2D 
time-of-flight GRE T2*-weighted images are useful 
for differentiating the appendix from mimickers, pri- 
marily pelvic venous varices, which are common in 
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Fig. 17.1. (a) Axial T2-weighted single-shot FSE image of the 
pelvis in a pregnant patient at 14-week gestational age dem- 
onstrates both the cecum (C) and the normal appendix (ar- 
row) to be filled with negative oral contrast material, thereby 
appearing as low signal intensity structures, (b) Axial time- 
of-flight GRE image at the same level shows the appendix 



(arrow) to be mildly enlarged and decreased in signal inten- 
sity when compared with the T2-weighted single-shot FSE 
image, compatible with the blooming effect. Pelvic veins 
(arrowheads) are seen as high signal intensity structures, 
aiding differentiation from the normal appendix 



pregnant patients, particularly in their third trimes- 
ter. An appendix containing either air or the iron- 
containing oral contrast material within its lumen 
(i.e. normal appendix) exhibits susceptibility effect 
on this sequence, appearing as a low signal intensity 
structure with a blooming effect (Fig. 1 7. 1 ) (Pedros a 
et al. 2007). Venous varices, in distinction, will appear 
as high signal intensity structures on the time-of- 
flight sequences due to the presence of flow (Pedrosa 
etal. 2007). 

Diffusion-weighted imaging (DWI) has become 
increasingly used in a variety of abdominal applica- 
tions because of its ability to highlight areas of neo- 
plastic involvement (Ichikawa et al. 2007; Parikh 
et al. 2008; Zhang et al. 2008) and acute inflamma- 
tory and infectious conditions without the need for 
intravenous contrast material administration (Chan 
et al. 2001; Verswijvel et al. 2002; Fattahi et al. 
2009). Potentially, DWI may serve as an alternative to 
contrast material-enhanced sequences in those 
patients in whom gadolinium-based contrast agents 
are contraindicated, such as in pregnant patients, and 
those patients with renal insufficiency at risk for 
developing nephrogenic systemic fibrosis (Sadowski 
et al. 2007; Kim et al. 2009; Taouli et al. 2009). The 
authors have now begun to use DWI in pregnant 
patients presenting with acute abdominal pain. For 
this application, the authors use a respiratory- 
triggered, axial, single-shot echo-planar diffusion- 
weighted sequence with the following parameters: 
slice thickness, 5 mm with no gap; repetition time, 
one respiratory cycle; echo time, 60-85 ms; matrix, 64 



x 64; field of view, 30-35 cm; b values, 0 and 1,000 s/ 
mm 2 . The use of respiratory triggering improves ana- 
tomic co-registration and minimizes artifacts related 
to respiratory motion. The use of respiratory bellows, 
however, may be challenging in pregnancy due to the 
protuberance of the abdomen from the gravid uterus, 
particularly in the third trimester, which may result 
in respirations too shallow for triggering image 
acquisition. Respiratory triggering using navigator 
techniques may be more optimal for this particular 
application; however, this requires further investiga- 
tion. Anecdotally, the authors have found that DWI 
may have value in diagnosing different acute condi- 
tions resulting in abdominal pain, including genito- 
urinary conditions such as pyelonephritis and 
degenerating fibroids, and acute conditions of the 
gastrointestinal tract including acute flares of inflam- 
matory bowel disease and acute appendicitis 
(Fig. 17.2). The use of DWI in the diagnosis of acute 
gastrointestinal tract conditions in the abdomen, 
however, remains in the early stages of validation. 

In order for MRI to become more generalized for 
use in nonpregnant patients presenting with acute 
abdominal pain, shorter imaging protocols need to 
be developed. The lack of anatomic distortion in 
nonpregnant patients may facilitate the implemen- 
tation of a simpler and shorter MRI protocol for the 
evaluation of acute appendicitis (Cobben et al. 
2009). Additionally, the use of alternative sources of 
image contrast such as DWI may further enhance 
the implementation of such protocols in the general 
population. 
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(arrow), (b) Diffusion-weighted image (b=l,000s/mm 2 ) ob- 
tained at the same level shows markedly high signal within 
the appendix (arrow). Acute appendicitis was confirmed at 
surgery and pathologic analysis 



Fig. 17.2. (a) Axial T2-weighted single-shot FSE image in a 
pregnant patient at 11-week gestational age demonstrates a 
thick-walled, fluid-filled, dilated appendix measuring 9 mm, 
compatible with early, uncomplicated, acute appendicitis 



17.3 



Specific Acute Conditions 
of the Gastrointestinal Tract 

In the following sections, the MRI appearances of a 
variety of common and uncommon GI conditions 
that manifest as acute abdominal pain will be pre- 
sented and organized by etiology, including inflam- 
matory, neoplastic, ischemic, and infectious causes. 

17.3.1 

Acute Inflammatory Conditions 
of the Gastrointestinal Tract 

Various acute inflammatory conditions of the GI 
tract will be addressed in the following section, 
including appendicitis, inflammatory bowel disease, 
epiploic appendagitis, colonic diverticulitis, peptic 
ulcer disease, and ectopic pancreas. 

17.3.1.1 

Acute Appendicitis 

Because of their widespread availability, relatively low 
cost, and excellent accuracy rates, CT and ultrasound 
serve as the primary imaging modalities used to diag- 
nose acute appendicitis in adults (Van Randen et al. 
2008). In more recent years, however, MRI has become 
increasing utilized for the evaluation of appendicitis, 
particularly in children and in pregnant patients, 



where exposure to ionizing radiation is an important 
consideration (Incesu et al. 1997; Cobben et al. 2004; 
Birchard et al. 2005; Oto et al. 2005; Pedrosa et al. 
2006, 2007; Oto et al. 2009). MRI has demonstrated 
excellent performance in diagnosing acute appendi- 
citis both in nonpregnant and pregnant patients. In 
60 consecutive nonpregnant patients, Incesu and col- 
leagues (1997) showed gadolinium-enhanced MRI 
was superior to ultrasound in identifying acute 
appendicitis with a sensitivity of 97%, specificity of 
92%, positive predictive value of 94%, negative pre- 
dictive value of 96%, and accuracy of 95%. More 
recently, Pedrosa et al. (2006) in a study of 51 con- 
secutive pregnant patients demonstrated noncon- 
trast-enhanced MRI to have an overall sensitivity of 
100%, specificity of 93.6%, prevalence-adjusted posi- 
tive predictive value of 1.4%, prevalence-adjusted 
negative predictive value of 100%, and accuracy of 
94% in the diagnosis of acute appendicitis. While 
ultrasound remains the first-line imaging study of 
choice for evaluating for acute appendicitis in preg- 
nancy, MRI is an important adjunctive study for 
excluding appendicitis in pregnant patients with 
inconclusive ultrasound results (Pedrosa et al. 2006, 
2007; Patel et al. 2007). 

A recent report by Cobben et al. (2009) has dem- 
onstrated the feasibility of noncontrast-enhanced 
MRI in the initial assessment of nonpregnant patients 
with suspected acute appendicitis with excellent sen- 
sitivity and specificity for the diagnosis of acute 
appendicitis. Using a protocol consisting of axial and 
coronal Tl -weighted FSE imaging, and T2-weighted 
FSE imaging with and without fat suppression, MRI 
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was able to diagnose appendicitis with a sensitivity 
and specificity of 100% and 99%, respectively 
(Cobben et al. 2009). Furthermore, in those patients 
without appendicitis, MRI was able to provide an 
alternative diagnosis in 55% of the remaining patients 
(Cobben et al. 2009). 



Imaging Features of the Normal Appendix 

The normal appendix is a blind-ending tubular 
structure, typically arising from the medial base of 
the cecum, approximately 3 cm inferior to the ileoce- 
cal valve, averaging 10 cm in length with a wall thick- 
ness less than 2 mm (Birnbaum and Wilson 2000). 
The normal appendix is either collapsed, or partially 
filled with air, fluid, or oral contrast (Birnbaum and 
Wilson 2000). The appendix appears as a cord-like 
structure, which is intermediate in signal intensity 
on both Tl- and T2-weighted images, similar in sig- 
nal to muscle (Nitta et al. 2005; Pedrosa et al. 2006). 
When the appendix contains oral contrast (using 
ferumoxsil combined with barium sulfate as rou- 
tinely prepared at our institution) and/or air, low sig- 
nal is seen within the appendiceal lumen on both 
Tl- and T2-weighted imaging with the blooming 
effect identified on T2* time-of-flight (Fig. 17.1) or 
Tl -weighted in-phase (longer echo time) GRE 
sequences (Pedrosa et al. 2006, 2007). The normal 
appendix has a diameter measuring 6 mm or less on 
single-shot FSE imaging (Pedrosa et al. 2006). The 
visualization rate of the normal appendix on MRI 
ranges from 86 to 90% in nonpregnant individuals 
(Hormann et al. 2002; Nitta et al. 2005) and 87 to 
89% in pregnant patients (Oto et al. 2005; Pedrosa 
et al. 2006). Recently, the rate of visualization of the 
normal appendix in pregnant patients on MRI has 
been shown to be significantly higher than that of 
ultrasound (<2%) (Pedrosa et al. 2009). Furthermore, 
identification of the normal appendix in pregnant 
patients virtually excludes the presence of appendi- 
citis and may avoid unnecessary laparotomies. In 
their series of 148 pregnant patients presenting with 
suspected appendicitis, Pedrosa et al. (2009) demon- 
strated a normal appendix with MRI in 87% (1 16/134) 
of their patients, which resulted in a negative predic- 
tive value of 100%. In this series, a negative laparo- 
tomy rate of 7% would have been achievable without 
incurring an increased perforation rate (21%), if the 
decision to avoid surgical exploration was based on a 
negative MRI (i.e. normal appendix seen, or non- 
visualization of the appendix without inflammatory 



changes or secondary signs of appendicitis seen on 
MRI) (Pedrosa et al. 2009). 

In pregnancy, identification of the appendix may 
be challenging due to alterations in anatomy from the 
enlarging, gravid uterus. While the appendix is supe- 
riorly displaced with increasing gestational age, the 
gestational age has been found to be a poor predictor 
of the location of the appendix on an individual basis 
(Lee et al. 2008b). The authors have found that when 
the cecum is superiorly tilted 90° or higher with 
respect to the plane of the imaging table on sagittal 
MR images, the appendix can be localized to the right 
upper quadrant of the abdomen (i.e. above the fourth 
lumbar vertebral body) with a specificity of 98%, 
irrespective of gestational age (Lee et al. 2008b). 



Imaging Features of Acute Appendicitis 

In acute appendicitis, the inflamed appendix typi- 
cally appears as a dilated fluid-filled structure, which 
is hyperintense on T2-weighted imaging and hypoin- 
tense on Tl -weighted imaging, and measures 7mm 
or greater on single-shot FSE sequences (Fig. 17.3) 
(Hormann et al. 2002; Cobben et al. 2004; Birchard 
et al. 2005; Oto et al. 2005; Pedrosa et al. 2006, 2007). 
As the material within the appendiceal lumen 
becomes more purulent, the signal intensity within 
the lumen decreases on T2-weighted imaging, appear- 
ing slightly hypointense relative to fluid. In these 
cases, the diagnosis of appendicitis on MRI is usually 
unequivocal because of associated marked appen- 
diceal enlargement (Fig. 17.4). Periappendiceal 
inflammation may appear as band-like areas of high 
signal intensity on T2-weighted images, which is high- 
lighted with fat suppression techniques (Pedrosa 
et al. 2007). In cases of early appendicitis, the pres- 
ence of periappendiceal edema may precede dilation 
of the appendix (Fig. 17.5) (Pedrosa et al. 2007). The 
wall of the inflamed appendix is thickened and edem- 
atous, which is hypointense on Tl -weighted images 
and slightly hyperintense on T2-weighted imaging 
(Pedrosa et al. 2006, 2007). Single-shot FSE images 
are particularly valuable for contrasting the thick- 
ened wall of the inflamed appendix from the 
hyperintense signal within the lumen of the appen- 
dix and the edema within the surrounding periap- 
pendiceal fat (Fig. 17.6) (Pedrosa et al. 2007). 
On contrast-enhanced fat-suppressed Tl -weighted 
sequences, the appendix demonstrates marked mural 
enhancement (Fig. 17.7) (Incesu et al. 1997; Singh 
et al. 2009). While CT is considered superior for the 
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Fig. 17.4. (a) Axial T2-weighted single-shot FSE image of 
the pelvis in a pregnant patient at 16-week gestational age 
demonstrates a diffusely dilated appendix (arrow) measur- 
ing up to 10 mm, which is mildly increased in signal intensity 
and not filled normally with air or oral contrast material, 
compatible with uncomplicated acute appendicitis, (b) Axial 
T2-weighted fat-suppressed single-shot FSE of the pelvis 
shows the dilated appendix (arrow) with high signal in the 
surrounding periappendiceal fat compatible with edema 



Fig. 17.3. (a) Sagittal T2-weighted single-shot FSE image of 
the pelvis in a pregnant patient at 14-week gestational age 
shows a thick-walled, fluid-filled tubular structure dilated 
to 8 mm (arrows) compatible with early, uncomplicated 
acute appendicitis. Note the surrounding bowel contains 
negative oral contrast material, (b) On axial T2-weighted, 
fat-suppressed, single-shot FSE image, the appendix demon- 
strates marked circumferential mural edema (white arrow) 
with a high-signal intensity, fluid-filled lumen centrally 



depiction of appendicoliths, when visible on MRI, 
appendicoliths appear as low signal intensity foci on 
all imaging sequences (Fig. 17.8) (Pedrosa et al. 
2007). Although the appearance of appendicoliths on 
MRI may mimic air, the presence of obstruction, such 
as dilation of the appendix distally, suggests that an 
intraluminal low signal intensity focus within the 
appendix may be an appendicolith. 

MRI can depict complications from appendicitis 
including appendiceal rupture with periappendiceal 



phlegmon and abscess formation. Phlegmons typi- 
cally present as ill-defined heterogeneous periappen- 
diceal masses, which are moderately high in signal 
intensity on T2-weighted images (Fig. 17.9), and dem- 
onstrate increased enhancement on postcontrast 
Tl -weighted fat-suppressed sequences (Incesu et al. 
1997; Pedrosa et al. 2007; Singh et al. 2009). Abscesses 
appear as periappendiceal fluid-filled collections 
which are hyperintense on T2-weighted imaging and 
contain a well-demarcated, enhancing wall (Fig. 
17.10) (Incesu et al. 1997; Pedrosa et al. 2007). 

An appendix that measures 6-7 mm and does not 
contain air or oral contrast material within its lumen 
is considered indeterminate (Pedrosa et al. 2006). 
In these cases, careful evaluation for secondary find- 
ings including periappendiceal fat stranding, appen- 
diceal wall thickening, phlegmon, and abscess 
formation can help determine the proper diagnosis 
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Fig. 17.5. (a) Sagittal 
T2-weighted single-shot 
FSE image in a 25-year- 
old pregnant patient at 
31-week gestational age 
demonstrates a fluid-filled, 
normal-caliber appen- 
dix (arrow) measuring 
6 mm. (b) On the sagittal 
T2-weighted single-shot 
FSE image with fat suppres- 
sion obtained at the same 
level, the fluid-filled appen- 
dix is re-demonstrated 
(arrow), with high signal 
within the periappendiceal 
region indicating edema 
and inflammation (arrow- 
head). Acute appendicitis 
was confirmed at surgery 
and pathologic analysis 




Fig. 1 7.6. Axial T2-weighted single-shot FSE image in a 30-year- 
old pregnant patient at 31-weeks gestational age presenting with 
right lower quadrant abdominal pain demonstrates a dilated, 
thick- walled appendix containing high signal within the lumen 
compatible with fluid, measuring up to 15 mm (black arrow). 
High signal within the periappendiceal fat is compatible with 
inflammatory stranding (arrowheads). Findings were compat- 
ible with acute appendicitis, which was confirmed at surgery 
and pathologic analysis 



Fig. 17.7. Coronal, contrast-enhanced, fat-saturated, spoiled 
GRE Tl-weighted image of the abdomen and pelvis in a 
60-year-old woman with right lower quadrant pain demon- 
strates a mildly dilated appendix with hyperenhancing walls 
(arrow) compatible with acute appendicitis 



(Pedrosa et al. 2007). Close clinical observation 
combined with follow-up MRI is often advised for 
these uncertain situations. Similar to CT, nonvisual- 
ization of the appendix on MRI without the pres- 



ence of secondary inflammatory findings can be 
used to exclude the presence of acute appendicitis 
(Ganguli et al. 2006; Garcia et al. 2009; Pedrosa 
et al. 2009). 
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Fig. 17.8. Axial T2-weighted single-shot FSE image in a 
25-year-old pregnant woman at 16-week gestational age with 
acute appendicitis demonstrates a dilated appendix contain- 
ing high signal within its lumen (arrow) with mild surround- 
ing periappendiceal fat stranding, and a low signal intensity 
focus within the lumen compatible with an appendicolith 
(arrowhead) 

Alternative Diagnoses 

Appendiceal mucoceles are an important mimicker 
of acute appendicitis on MRI. A mucocele is an abnor- 
mal intraluminal accumulation of mucus within a 
dilated appendix (Carr et al. 1995). The prevalence 
of mucoceles at appendectomy is low, reportedly 
ranging from 0.2 to 0.3% (Aho et al. 1973; Higa et al. 
1973). Four histologic subtypes of mucoceles have 
been described, ranging from benign to malignant: 
postob struct ive mucous retention cyst (simple muco- 
cele); mucosal hyperplasia; mucinous cystadenoma; 
and mucinous cystadenocarcinoma (Higa et al. 1973; 
Qizilbash 1975). Mucoceles usually are found inci- 
dentally or present with chronic right lower quadrant 
abdominal pain. When mucoceles become acutely 
inflamed or rupture, these lesions present with acute 
right lower quadrant pain and are clinically indistin- 
guishable from acute appendicitis (Pickhardt et al. 
2002; Bennett et al. 2009). 

A mucocele typically appears as a well- circum- 
scribed, spherical or tubular mass arising from the 
base of the cecum, containing mucinous material 
which appears as hyper intense signal on T2 -weighted 
imaging (Fig. 17.11) (Madwed et al. 1 992; Pickhardt 
et al. 2003; Pedrosa et al. 2007). While both acute 




Fig. 17.9. (a) Axial T2-weighted single shot FSE image of 
the pelvis in a pregnant patient at 22-week gestational age 
with right lower quadrant pain and perforated appendicitis 
shows fluid-filled, dilated loops of small bowel in the left 
hemiabdomen compatible with a small bowel obstruction, 
with a transition point in the right lower quadrant at the 
level of an ill-defined heterogeneous mass, compatible with 
a periappendiceal phlegmon (arrow), (b) Follow-up study 
in the same patient with negative oral contrast agent now 
reaching the ascending colon confirms the presence of a 
periappendiceal phlegmon (arrow) exerting mass effect 
upon the adjacent cecum (C) 

appendicitis and appendiceal mucoceles appear as 
dilated appendices containing intraluminal high sig- 
nal on T2-weighting imaging, mucoceles often lack 
the associated periappendiceal fat stranding and 
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Fig. 17.10. (a) Coronal T2-weighted single-shot FSE image 
obtained in a 46-year-old female with perforated appendi- 
citis after an inconclusive CT examination demonstrates a 
large, heterogeneous, ill-defined region of signal abnormal- 
ity in the right lower quadrant of the abdomen (arrows) com- 
patible with an extensive area of inflammation and phleg- 
monous change. Several small focal areas of increased signal 
intensity within this area of signal abnormality are compat- 
ible with abscesses, (b) Axial T2-weighted fat-suppressed 



axial image shows abnormal increased signal within the 
right lower quadrant including the cecum (arrow), compat- 
ible with edema and inflammation, with small abscesses 
(arrowheads) depicted as small, well-delineated round col- 
lections of high signal, (c) Axial, contrast-enhanced, fat- 
saturated, spoiled GRE Tl-weighted image demonstrates ex- 
tensive abnormal enhancement of the phlegmonous changes 
within the right lower quadrant, with rim-enhancement of 
the small abscesses (arrowheads) 



mural thickening seen with acute appendicitis 
(Pedrosa et al. 2007). In addition, the degree of 
appendiceal dilation seen with a mucocele is often 
disproportionate to the extent of periappendiceal 
inflammatory changes, except when mucocele has 
ruptured or become inflamed (Pickhardt et al. 
2002; Pedrosa et al. 2007; Bennett et al. 2009). 
Specifically, an appendiceal diameter of greater than 
15 mm suggests the presence of a mucocele or appen- 
diceal neoplasm (Pickhardt et al. 2003; Bennett 
et al. 2009). Visualization of a focal enhancing mass 
can suggest the presence of mucinous cystadenoma 
or cystadenocarcinoma (Pickhardt et al. 2002; 
Pedrosa et al. 2007). 

Mucocele perforation can lead to spillage of muci- 
nous contents into the peritoneal cavity, resulting in 
focal or diffuse pseudomyxomatous peritonei 
(Qizilbash 1975; Landen et al. 1992). On imaging, a 
perforated mucocele may be virtually indistinguish- 



able from perforated acute appendicitis (Bennett 
et al. 2009). A ruptured mucocele may appear as cys- 
tic dilation of the appendix with an abnormally 
thickened and enhancing wall with surrounding 
periappendiceal inflammatory stranding and fluid 
(Fig. 17.12). 

Inflammation of residual appendiceal tissue left 
after an inadvertent, incomplete appendectomy is 
extremely rare, a condition known as stump appen- 
dicitis (Mangi and Berger 2000; Truty et al. 2008). 
A potential increased risk of stump appendicitis has 
been reported with the use of laparoscopic tech- 
niques (Greenberg and Esposito 1996; Walsh and 
Roediger 1997). Stump appendicitis can appear 
similar to acute appendicitis at CT if the remnant 
appendiceal stump is long, with mural enhancement 
and adjacent pericecal fat stranding (Shin et al. 
2005). Additionally, the arrowhead sign has been 
described in stump appendicitis where inflammation 
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Fig. 17.11. (a) Sagittal T2-weighted single-shot FSE image of 
a woman with an appendiceal mucinous cystadenoma dem- 
onstrates a dilated, bulbous appendix (arrow) with a diam- 
eter greater than 3 cm, containing high signal within its lu- 
men, compatible with mucin, (b) On the axial, T2-weighted, 
fat-suppressed image, wall thickening and periappendiceal 
inflammatory changes are noted to be absent about the 
appendiceal mucinous cystadenoma 

at the cecal base and origin of the appendiceal orifice 
results in a funneling of oral contrast material in the 
cecum in the shape of an arrowhead (Rao et al. 1998). 



These imaging findings, however, are nonspecific and 
other inflammatory and infectious conditions can 
cause similar findings within the appendiceal base 
(Fig. 17.13). Other differential diagnoses are in the 
following sections. 

17.3.1.2 

Inflammatory Bowel Disease 

With its multiplanar capability, excellent soft-tissue 
contrast, the development of ultrafast imaging pulse 
sequences, and lack of ionizing radiation, MRI is ide- 
ally suited for the imaging evaluation of inflamma- 
tory bowel disease, particularly in chronic relapsing 
conditions such as Crohn's disease and ulcerative 
colitis where repeated imaging examinations are 
needed to assess disease status. Several reports have 
shown MRI to have sensitivities greater than 90% for 
the detection of active inflammation in Crohn's dis- 
ease (Low etal.2000;KoHetal.2001;GouRTSOYiANNis 
et al. 2002). A recent study by Lee and colleagues com- 
paring CT and MR enterography with small bowel 
follow through found the three modalities equally 
accurate in the detection of active inflammation in 
the small bowel in patients with Crohn's disease (Lee 
et al. 2009). Additionally, extraenteric complications 
of inflammatory bowel disease, including fistulas, 
sinus tracts, and abscesses, are well depicted with 
MRI (Furukawa et al. 2004; Bernstein et al. 2005; 
Lee et al. 2009). When compared with small bowel 
follow through, Lee and colleagues showed MR 
enterography to have an improved detection rate, 
equivalent to that of CT enterography, in the detec- 
tion of extraenteric complications (Lee et al. 2009). 

The MRI findings in inflammatory bowel disease 
are extensively discussed in separate chapters in this 
book (Chaps. 8 and 9). Here we emphasize the role of 
MRI in evaluating acute complications in inflamma- 
tory bowel disease. With active inflammatory bowel 
disease, the bowel wall is thickened more than 3 mm, 
with bowel wall edema appearing as high signal 
within the wall on T2-weighted imaging (Furukawa 
et al. 2004). On T2-weighted single-shot FSE imaging, 
mural stratification is often seen in active, inflamed 
bowel segments where a central layer of high signal 
intensity is sandwiched on both sides by a layer of 
intermediate signal intensity within the bowel wall 
(Furukawa et al. 2004; Siddiki and Fidler 2009). 
Postcontrast administration, marked mural enhance- 
ment, and mural stratification can be seen within 
actively diseased bowel loops, with the intensity of 
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Fig. 17.12. (a) Coronal, and (b) axial, T2-weighted single- 
shot FSE images in a 76 -year- old-male with a ruptured 
mucocele demonstrates a dilated, thick-walled, tubular 
structure arising from the cecal base containing high signal 
material, compatible with an appendiceal mucocele (arrow- 
head). An adjacent periappendiceal fluid collection is pres- 
ent with inflammatory stranding (white arrows). Incidental 



note was made of left hydroureter (black arrow in a) and 
duplicated collecting system (black arrows in b). (c) Axial, 
contrast-enhanced, fat-saturated, spoiled GRE Tl-weighted 
image shows marked mural enhancement of the appendiceal 
mucocele (arrowhead) and the adjacent abscess with phleg- 
monous change (arrow) 



enhancement reflective of the degree of disease activ- 
ity (Figs. 17.14 and 17.15) (Maccioni et al. 2000, 
2006; Siddiki and Fidler 2009). 

MRI readily and accurately depicts the number and 
extent of diseased bowel segments, the presence of skip 
lesions, pseudo-diverticulae formation, and areas of 
luminal caliber change, including stenosis, and bowel 
dilation (Furukawa et al. 2004; Siddiki and Fidler 
2009). Ulcerations may be depicted on MRI as areas of 
mural irregularity on T2-weighted and contrast- 
enhanced sequences (Siddiki and Fidler 2009). 

MRI is particularly useful for depicting the 
extramural manifestations of active inflammatory 
bowel disease. Balanced steady-state free precession 
(TrueFISP or FIESTA), and gadolinium-enhanced, fat- 
suppressed, spoiled GRE Tl-weighted sequences are 
especially helpful for delineating the increased vascu- 
larity and engorgement of the vasa recta within areas 
of mesenteric fatty proliferation, a finding known as 
the comb sign (Figs. 17.14 and 17.15). Areas of edema 
and inflammation within the mesenteric and perien- 



teric fat appear as high signal intensity regions on 
T2-weighted imaging, which is more conspicuous with 
fat-suppression, and demonstrate enhancement on 
contrast-enhanced sequences (Fig. 17.15) (Furukawa 
et al. 2004; Siddiki and Fidler 2009). Sinus and fistula 
tracts appear as fluid-filled linear areas of signal abnor- 
mality with peripheral enhancement (Fig. 17.16). Tracts 
with a primarily inflammatory component demon- 
strate homogeneous enhancement without central 
fluid as the tract is filled with enhancing granulation 
tissue (Siddiki and Fidler 2009). Complex internal 
tracts may demonstrate a stellate configuration, radiat- 
ing from a central point with associated bowel retrac- 
tion and tethering (Herrmann et al. 2006). Phlegmons 
appear as ill-defined soft-tissue masses with heteroge- 
neous, mildly increased signal on T2-weighted imag- 
ing, and demonstrate avid enhancement Postcontrast 
administration (Fig 17.17). Abscesses appear as fluid- 
filled collections, which may contain air, with well- 
defined, enhancing walls (Fig. 17.18) (Pedrosa et al. 
2007; Siddiki and Fidler 2009). 
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Fig. 17.13. (a) Axial, 2D fast imaging employing steady-state suggested stump appendicitis within an inverted appen- 

acquisition (FIESTA) image in a 47-year-old male with prior diceal remnant, the patient had recently traveled to Central 

appendectomy demonstrates a heterogeneous round mass America and his strongyloides serology was elevated. The 

arising from the medial wall of the cecum in the region of patient received antiparasitic medication and his symptoms 

the appendiceal orifice (arrow), (b) Coronal, T2-weighted, improved. Follow-up MRI demonstrated decreased size and 

single-shot FSE image shows increased signal within this in- enhancement of the cecal lesion, and a presumptive diagno- 

traluminal cecal mass (arrow). While the imaging findings sis of strongyloides was made 





Fig. 17.14. (a) Axial T2-weighted single-shot FSE image in a 
woman with Crohn's disease and prior ileocecectomy dem- 
onstrates mural thickening and stratification (arrow) within 
the neoterminal ileum, indicative of active disease, (b) Axial 
and (c) coronal contrast-enhanced, fat-saturated, spoiled 



GRE Tl-weighted images show marked mural hyperen- 
hancement (arrowheads) and luminal narrowing within the 
neoterminal ileum. Dilatation and prominence of the vasa 
recta within areas of proliferative mesenteric fat is compat- 
ible with the comb sign (arrows) 




Fig. 17.15. (a) Coronal, fat-suppressed, T2-weighted single- 
shot FSE image in this patient presenting with acute abdomi- 
nal pain and history of Crohn's disease with prior procto- 
colectomy and small bowel resection depicts a mildly dilated 
loop of jejunum in the mid-abdomen, just distal to a small 
bowel anastamosis (large arrowhead), with high signal within 
the wall and surrounding perienteric fat (small arrowheads) 



compatible with edema and inflammation, (b) Coronal, con- 
trast-enhanced, fat-saturated, spoiled GRE Tl -weighted image 
shows mural wall thickening and hyperenhancement within 
the diseased loop of jejunum (long arrow), and the comb sign 
with engorgement of the vasa recta (short arrow). Note marked 
enhancement of nonpathologically enlarged mesenteric nodes 
(large arrowhead) 




Fig. 17.16. (a) Axial T2-weighted single-shot FSE image in denote air within these abscesses, (b) Axial, gadolinium-en- 

a 45-year-old female with Crohn's disease depicts a fistula hanced, 3D fat-saturated, spoiled GRE Tl-weighted image at 

between the ascending colon (arrowhead) and an extensive, the same level demonstrates extensive enhancement of the 

complex, phlegmonous area of multiple fluid collections fistula (arrowhead) between the ascending colon and the 

within the right abdominal wall which track into the deep complex right abdominal wall collections, as well as intense 

subcutaneous fat posteriorly. Nondependent areas of low enhancement of the walls of the multiple abscesses (white 

signal intensity within the fluid collections (black arrows) arrows) 
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Fig. 17.17. (a) Axial, T2-weighted single-shot FSE image of 
the pelvis in a 75-year-old man with Crohn's disease demon- 
strates a heterogeneous, ill-defined mass-like area of mildly 
increased signal intensity, compatible with a phlegmon, with 
fistulous tracts (arrows) identified between the inflamed distal 



ileum (I) and the rectosigmoid junction (S). (b) Axial, gado- 
linium-enhanced, 3D fat-saturated, Tl -weighted GRE image 
depicts marked enhancement of the phlegmon (arrows) and 
enterorectal fistulous tracts 




Fig. 17.18. (a) Coronal, T2-weighted single-shot FSE im- 
age in a 38-year-old female with Crohn's disease, prior 
ileocolectomies, and ileo-sigmoid anastamosis presenting 
with abdominal pain, fever, and mild leukocytosis shows 
diffuse hypointense thickening of the terminal ileum 
(black arrow) with upstream bowel dilatation, findings 
suggestive of fibrostenotic disease. A large phlegmonous 
region (white arrowheads) with a focal area of increased 



signal (white arrow) consistent with an abscess indicates a 
superimposed active flare of Crohn's disease, (b) Coronal, 
3D fat-saturated, Tl-weighted GRE image during the portal 
venous phase shows diffuse wall thickening and enhance- 
ment in the sigmoid colon (white arrowheads) and terminal 
ileum (white arrow). The abscess is confirmed as a focal 
area without enhancement (asterisk) within the area of 
phlegmonous change 
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As in pregnant patients with suspected acute 
appendicitis, MRI plays an important role in the 
assessment of pregnant patients presenting with acute 
abdominal pain and known or suspected inflamma- 
tory bowel disease. The authors use the same imaging 
protocol in this patient population as the one described 
for patients with suspected acute appendicitis. 
T2-weighted single shot FSE techniques play an essen- 
tial role in determining the extent of bowel involve- 
ment as well as extraluminal complications (Fig. 
17.19). At the authors' institution, MRI is commonly 
used in pregnant patients with a known history of 
Crohn's disease and new onset of acute right lower 
quadrant pain to distinguish between acute appendi- 
citis and an acute flare of Crohn's disease, as these two 
conditions are managed differently. The presence of 
inflammatory changes primarily affecting the termi- 
nal ileum and/or colon with or without secondary 
involvement of the appendix are indicative of Crohn's 
disease. In the absence of extraluminal acute compli- 
cations (i.e. abscess, perforation), these patients are 
managed conservatively (Fig. 17.20). Extraluminal 
complications secondary to inflammatory bowel dis- 
ease like intraabdominal abscesses can be managed as 
in nonpregnant patients, although the use of MRI can 
prevent the patient and the fetus from repeated expo- 
sure to ionizing radiation (Fig. 17.21). In contrast, 
inflammatory changes centered in the appendix with- 
out involvement of the terminal ileum and/or colon 
are suspicious for acute appendicitis and should 
prompt surgical exploration. 

17.3.1.3 

Primary Epiploic Appendagitis 

The epiploic appendages are peritoneal pouches 
composed of adipose tissue and blood vessels, which 
arise from the colonic serosal surface, ranging from 
0.5 to 5 cm in length (Singh et al. 2005). The epiploic 
appendages extend from the cecum to the rectosig- 
moid junction, and number about 100, arranged in 
two rows along the free tenia and tenia omentalis 
(Rioux and Langis 1994; Singh et al. 2005). Primary 
epiploic appendagitis is a condition that arises when 
these structures torse or undergo spontaneous 
venous thrombosis, resulting in infarction and 
inflammation (Barbier et al. 1998; Sirvanci et al. 
2002; Singh et al. 2005). Primary epiploic appendagi- 
tis presents with acute abdominal pain and is a self- 
limiting condition, necessitating only conservative 
management (Singh et al. 2005). 




Fig. 17.19. (a) Coronal T2-weighted single-shot FSE image 
in a 33-year-old pregnant woman at 30-week gestational age 
with Crohn's disease and new onset of right-sided abdominal 
pain shows diffuse thickening of the terminal ileum (white 
arrows) and an irregular area of intermediate signal inten- 
sity (black arrowheads) consistent with phlegmon, (b) Axial 
T2-weighted single-shot FSE image confirms the presence 
of a moderate-size phlegmon (black arrowheads) and bet- 
ter demonstrates the area of wall thickening (white arrows) 
in the terminal ileum, adjacent to the phlegmon. The pres- 
ence of extraluminal complications in patients with Crohn's 
disease is well evaluated with T2-weighted single-shot FSE 
images without the use of fat saturation because of the excel- 
lent soft-tissue contrast achieved between the hyperintense 
mesenteric fat, the intermediate signal intensity of the bowel 
wall, and the intraluminal low signal intensity provided by 
the oral contrast preparation 
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Fig. 17.20. (a) Coronal T2-weighted single-shot FSE image in 
a 30-year-old pregnant woman with a history of Crohn's dis- 
ease at 19-week gestational age presenting with right lower 
quadrant tenderness and fever shows a large area of irregu- 
lar intermediate signal intensity (arrowheads) in the right 
hemiabdomen consistent with a phlegmon. Note the gravid 
uterus (17). (b) Coronal T2-weighted image from the same 



acquisition as (a) at a slightly more anterior location, shows 
diffuse wall thickening of the terminal ileum (white arrow) 
and a thickened appendix (black arrowheads) with a fluid- 
filled, enlarged tip (black arrow). MR findings were consis- 
tent with an acute flare of Crohn's disease with involvement 
of the appendix. The patient recovered with conservative 
management 




Fig. 17.21. (a) Axial, T2-weighted single-shot FSE image in 
a 37-year-old pregnant woman at 9-week gestational age 
with a history of Crohn's disease now presenting with new 
onset of right lower quadrant pain shows wall thickening 
of the terminal ileum (black arrow) and two adjacent small 
abscesses (black arrowheads) adjacent to the cecum (C). The 
larger, more anteriorly located abscess contains an air-fluid 
level. The patient was placed initially on antibiotic therapy, 



but complained of worsening symptoms. On repeat MRI 
obtained 5 days later, (b) axial, T2-weighted single-shot 
FSE image confirms enlargement of the abscesses (black ar- 
rowheads) and persistent thickening of the terminal ileum 
(black arrow). Note the mildly thickened appendix (white 
arrow). The patient underwent percutaneous drainage of the 
abscesses, and was followed with multiple MR examinations 
to avoid repeated radiation exposure to her fetus 
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Fig. 17.22. Axial, (a) Tl-weighted GRE and (b) T2-weighted intensity corresponding to fat, and a peripheral low signal 

FSE images of the pelvis in a 60-year-old female present- intensity rim (arrowheads), (c) Axial, gadolinium-enhanced, 

ing with left lower quadrant abdominal pain demonstrate 3D fat-saturated, spoiled GRE, Tl-weighted image demon- 

an ovoid lesion within the left lower quadrant, adjacent to strates enhancement of the rim. Findings were compatible 

the sigmoid colon (not pictured), containing central signal with mild epiploic appendagitis 



On Tl- and T2 -weighted MRI, epiploic appendagi- 
tis appears as a pericolonic, oval-shaped lesion con- 
taining a low signal intensity rim, and a center that 
follows the signal intensity of fat (Fig. 17.22) (Barbier 
et al. 1998; Sirvanci et al. 2002). On postgadolinium, 
Tl-weighted fat-suppressed sequences, the rim, 
which represents the inflamed visceral peritoneum, 
demonstrates increased enhancement (Barbier 
et al. 1998; Sirvanci et al. 2002). A hypointense cen- 
tral dot on Tl- and T2 -weighted imaging may be 
seen within the lesion, likely representing a fibrous 
septa that has been described in histopathologic 
specimens (Sirvanci et al. 2002). Fat-stranding is 
commonly seen around the inflamed epiploic 
appendage (Barbier et al. 1998). 

17.3.1.4 

Colonic Diverticulitis 

Acute diverticulitis is a condition that results from 
inflammation of colonic diverticula due to decreased 
perfusion secondary to obstruction or impaction of 
fecal material (Buckley et al. 2007). Imaging plays an 
important role in the diagnosis of acute diverticulitis 
and detecting its complications. While CT has been 
considered the gold standard for the imaging assess- 
ment of diverticulitis, recent studies suggest that MRI 
can provide high sensitivity and specificity for the 
diagnosis of this condition. In a prospective study of 
55 patients, Heverhagen and colleagues reported MRI 
to have a sensitivity of 94% and specificity of 88% for 



diagnosing acute diverticulitis (Heverhagen et al. 
2008). These authors used inversion recovery (STIR), 
balanced steady-state free precession (TrueFISP), and 
pre- and post-gadolinium T 1 -weighted fat-suppressed 
GRE sequences to diagnose the condition. Previously, 
these authors found that an imaging protocol con- 
sisting of only STIR and TrueFISP sequences was 
sufficient to diagnose colonic diverticulitis. STIR 
imaging was useful for demonstrating edema, perico- 
lonic exudation, and ascites, while TrueFISP sequences 
were noted to highlight segmental areas of colonic 
narrowing. The authors concluded that single-shot 
FSE imaging provided no additional information 
(Heverhagen et al. 2001). 

On MRI the features of acute diverticulitis include 
the presence of diverticula, bowel wall thickening, 
and pericolonic stranding (Buckley et al. 2007). 
Stranding appears as ill-defined pericolonic areas of 
high signal intensity on T2 -weighted imaging, which 
appear more conspicuous with fat suppression 
(Fig. 17.23). The inflamed diverticulum demonstrates 
mural thickening and marked enhancement on 
Postcontrast imaging. When the adjacent interfascial 
planes are inflamed, they appear thickened and 
hyperenhancing on postgadolinium Tl-weighted 
imaging (Fig 17.24) (Hammond et al. 2008). 

Clinically, cecal diverticulitis can mimic acute 
appendicitis, and cross-sectional imaging plays an 
important role in distinguishing these two entities. 
While pericecal wall thickening and focal pericolonic 
inflammation may be seen in both entities, imaging 
features that favor cecal diverticulitis over acute 
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Fig. 17.23. (a) Axial, T2-weighted FSE image with fat sup- 
pression in a man with left upper quadrant abdominal pain 
demonstrates a focal area of high signal adjacent to the 
splenic flexure compatible with pericolonic inflammation 




Fig. 17.24 Axial, gadolinium-enhanced 3D fat-saturated, 
spoiled GRE Tl-weighted image obtained in a woman with 
sigmoid diverticulitis demonstrates numerous diverticula 
within the sigmoid colon with mural thickening and en- 
hancement of an inflamed diverticulum (arrow). Note sur- 
rounding fat stranding with thickening and enhancement of 
the adjacent sigmoid mesocolon (arrowhead) 



appendicitis include identification of a normal 
appendix, visualization of diverticula, or the presence 
of inflammation involving the ascending colon at a 
level distal to the ileocecal valve (Balthazar et al. 
1987; Chintapalli et al. 1999; Hoeffel et al. 2006). 

Complications of acute diverticulitis include 
phlegmon, abscess, and fistula formation, which can 



b 




(arrow), (b) Axial, gadolinium-enhanced 3D fat-saturated, 
spoiled GRE Tl-weighted image shows avid enhancement 
within an inflamed diverticulum (arrow) in the splenic flex- 
ure, compatible with acute diverticulitis 



be recognized on MRI. Phlegmons appear as hetero- 
geneous ill-defined areas of mildly increased signal 
intensity on T2-weighted imaging, and demonstrate 
prominent enhancement Postcontrast administra- 
tion (Fig. 17.25). Abscesses appear as pericolonic, 
rim-enhancing, fluid collections with central low sig- 
nal on Tl-weighted images and high signal on 
T2-weighted images (Pedrosa and Rofsky 2003; 
Hammond et al. 2008). Fistulas can appear as enhanc- 
ing tracts, which may contain fluid. While extralumi- 
nal air appears as a signal void on all imaging 
sequences, the sensitivity of MR for the detection of 
small collections of extraluminal air is low (Pedrosa 
and Rofsky 2003; Hammond et al. 2008). While CT 
has been shown to be an invaluable tool for classify- 
ing the severity of acute perforated diverticulitis, 
thereby helping to guide surgical management, the 
role of MRI, because of its limited sensitivity for the 
detection of perforation (i.e. small amounts of 
extraluminal air), remains unclear for stratifying the 
degree of perforated diverticular disease (Lohrmann 
et al. 2005). 



17.3.1.5 

Peptic Ulcer Disease 

While MRI is not the primary imaging modality used 
to diagnose peptic ulcer disease, patients present 
with nonspecific abdominal pain, and may have an 
MRI performed to evaluate for other suspected dis- 
ease processes such as pancreatitis. T2-weighted 
single-shot FSE and gadolinium-enhanced fat- 
suppressed Tl-weighted GRE images have been 
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Fig. 17.25. (a) Sagittal and (b) coronal T2-weighted FSE im- (B). (c) Axial T2-weighted FSE image through the bladder 

ages in a woman with sigmoid diverticulitis complicated by shows an air-fluid level within the bladder lumen (arrow) 

phlegmon and colovesicular fistula formation demonstrate with dependent debris (arrowheads), findings secondary to 

an ill-defined mass-like area of heterogeneous signal within the presence of the colovesicular fistula. Incidental note is 

the pelvis (arrows) compatible with a phlegmon, involving made of a rectal catheter (asterisk) 
the sigmoid colon (S), left uterine fundus (U) y and bladder 





Fig. 17.26. (a) Axial, T2-weighted single-shot FSE image of 
the first portion of the duodenum in a man with a duodenal 
bulb ulcer with associated duodenitis confirmed on endos- 
copy demonstrates a focal area of heaped-up mural thick- 
ening within the duodenal bulb, which is heterogeneously 



hyperintense. (b) On the axial, gadolinium-enhanced 3D 
fat-saturated, spoiled GRE, Tl-weighted image, this region 
of ulceration and inflammation demonstrates mural en- 
hancement 



reported to be helpful for detecting features of peptic 
ulcer disease, including ulcers, gastritis, and duoden- 
itis (Marcos and Semelka 1999). 

Peptic ulcers within the stomach or duodenum 
may appear as focal areas of wall thickening and 
edema, appearing as high signal intensity areas on 
T2-weighted imaging (Fig. 17.26) (Hammond et al. 



2008). With contrast administration, the ulcerated 
regions demonstrate enhancement, which is hyperin- 
tense relative to normal gastric or bowel wall (Marcos 
and Semelka 1999). Thickening and edema of the 
gastric or duodenal wall and folds indicate regions of 
gastritis or duodenitis, which maybe accompanied by 
surrounding inflammatory stranding (Cronin et al. 
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2008). Luminal narrowing may be present in areas of 
inflamed stomach or duodenum, and gastric outlet 
obstruction may occur in severe cases (Marcos and 
Semelka 1999). Perforation may be signaled by the 
visualization of fluid collections adjacent to regions 
of ulcerated or inflamed bowel. These fluid collec- 
tions typically demonstrate hypointense signal on 



Tl -weighted imaging and hyperintense signal on 
T2-weighted imaging. If hemorrhage is present, how- 
ever, the collections may appear as areas of high sig- 
nal intensity on both Tl- and T2-weighted imaging 
(Fig 17.27). Because MRI is limited in its detection of 
small collections of air, small areas of extraluminal 
air may be missed. 




Fig. 17.27. (a) Coronal T2-weighted single-shot FSE in a 
man with a perforated duodenal ulcer demonstrates mural 
thickening of the genu of the duodenum with surrounding 
inflammatory fat stranding (arrowheads), compatible with 
duodenitis. Axial, (b) T2-weighed single-shot FSE and (c) 
unenhanced, fat-saturated, spoiled GRE, Tl-weighted images 
show several paraduodenal fluid collections (arrows) which 



are high in signal on both Tl- and T2-weighted imaging, 
compatible with hemorrhage within these collections, (d) 
The axial, gadolinium-enhanced, 3D fat-saturated, spoiled 
GRE, Tl-weighted image depicts enhancement of the wall 
within the second and third portions of the duodenum and 
adjacent inflammatory stranding (arrowheads) 
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Fig. 17.28. (a) Axial, unenhanced 3D, fat-suppressed, spoiled 
GRE, Tl -weighted image obtained in a 21 -year-old female 
with abdominal pain and elevated amylase and lipase shows a 
hyperintense mass (arrowheads) within the left abdomen, in- 
timately associated with jejunal loops of bowel, with an acinar 
pattern similar to normal pancreas, (b) Axial, T2 -weighted, 
fat-suppressed, single-shot FSE image demonstrates increased 
signal within and around the mass, compatible with inflam- 



mation and edema (arrows). Fluid is also noted within the 
right hemiabdomen (arrowhead), (c) Axial, gadolinium-en- 
hanced, 3D fat-suppressed, spoiled GRE, Tl -weighted image 
depicts increased enhancement of the mass and the surround- 
ing inflammatory changes, with a central nonenhancing bi- 
lobed fluid collection (arrow). Findings were compatible with 
ectopic pancreatitis of the jejunum, which was confirmed on 
surgical and pathologic analysis 



17.3.1.6 

Ectopic Pancreas 

Ectopic or heterotopic pancreas is a rare develop- 
mental anomaly where pancreatic tissue is present 
outside the usual location, anatomically distinct from 
the main body of the pancreas, with a separate ductal 
system and blood supply (Barbosa et al. 1946). The 
estimated incidence of this condition at autopsy 
ranges from 0.55 to 13.7% (Lai and Tompkins 1986). 
Ectopic pancreas is most frequently seen within the 
upper gastrointestinal tract with 70-86.5% involving 
the stomach, duodenum, or jejunum (Barbosa et al. 
1946; Lai and Tompkins 1986). Less commonly, ecto- 
pic pancreas can be found within the ileum, bile 
ducts or gallbladder, umbilicus, splenic hilum, omen- 
tum, and mesentery (Barbosa et al. 1946; Lai and 
Tompkins 1986; Silva et al. 2006). While this condi- 
tion is usually asymptomatic, ectopic pancreatic rests 
within the stomach and duodenum can cause epigas- 
tric pain (Lai and Tompkins 1986). Additionally, as 
the aberrant pancreas is susceptible to any patho- 
logic condition that can affect normal pancreas, the 
ectopic pancreas can produce clinical symptoms 
when complicated by acute pancreatitis or pancre- 
atic cancer (Barbosa et al. 1946; Rubesin et al. 1997; 
Silva et al. 2006). 

On MRI, the signal intensity and enhancement of 
the ectopic pancreas parallels that of the normal 
pancreas on all sequences (Lee et al. 2008a; Okuhata 
et al. 2008). Unenhanced, fat-suppressed, T 1 -weighted 
images are helpful for highlighting the ectopic pan- 
creatic tissue, as the aberrant pancreas, similar to 
normal pancreas, will exhibit higher signal intensity 
when compared to the surrounding mesentery and 



bowel structures (Fig. 17.28) (Okuhata et al. 2008). 
Heavily T2-weighted MR cholangiopancreaticogram 
sequences have been reported to be useful in identi- 
fying the ectopic pancreatic duct, a pathognomonic 
feature of the aberrant pancreatic rest (Silva et al. 
2006). When acutely inflamed, the ectopic pancreati- 
tis can demonstrate the surrounding fat stranding 
and edema with adjacent fluid collections. These fea- 
tures are well depicted with T2-weighted imaging 
with fat suppression, with inflammation and fluid 
appearing as areas of high signal (Fig. 17.28). With 
contrast administration, increased enhancement is 
seen within the ectopic pancreas and surrounding 
inflamed regions (Silva et al. 2006). Loops of adja- 
cent bowel may demonstrate wall and fold thicken- 
ing (Rubesin et al. 1997). 

17.3.2 

Acute Neoplastic Conditions of the 
Gastrointestinal Tract 

While MRI has recently become an emerging imag- 
ing modality for the detection, diagnosis, and staging 
of a variety of gastrointestinal tract neoplasms, MRI 
is also useful for imaging the acute complications of 
these neoplasms, including hemorrhage, obstruction, 
ischemia, and bowel inflammation. 

Gastrointestinal stromal tumor (GIST) is one 
subtype of tumor that is prone to ulcerate and hemor- 
rhage, especially when large (Martin et al. 2005). High- 
grade GISTs appear heterogeneous in signal intensity 
on Tl- and T2-weighted imaging, which is reflective of 
intratumoral hemorrhage and/or liquefactive necrosis, 
findings characteristic in these neoplasms (Marcos 




MRI of Acute Conditions of the Gastrointestinal Tract 305 




Fig. 17.29. Axial, (a) T2-weighted single-shot FSE and (b) 
unenhanced, 3D fat-suppressed, Tl-weighted GRE images 
in a 55 -year-old-male presenting with abdominal pain dem- 
onstrate a heterogeneously hyperintense region both on Tl- 
and T2-weighted imaging adjacent to the greater curvature 
of the stomach (arrowheads) compatible with a hematoma. 



(c) Axial, gadolinium-enhanced, 3D fat-suppressed, Tl- 
weighted GRE image shows an enhancing subcutaneous 
nodule (arrow) within the greater curvature of the stomach, 
adjacent to the hematoma, which was revealed to be a gastric 
GIST complicated by hemorrhage upon surgery and patho- 
logic analysis 



and Semelka 1999). These tumors tend to be hypervas- 
cular, and demonstrate marked arterial enhancement 
that persists on the equilibrium phase (Marcos and 
Semelka 1999; Martin et al. 2005). Low signal, nonen- 
hancing regions within the tumor indicate necrotic 
areas. On Tl-weighted imaging, particularly with fat- 
suppression, hemorrhage is highlighted as regions of 
high signal (Fig. 17.29). By subtracting the precontrast 
Tl-weighted imaging sequence from the Postcontrast 
imaging sequence, enhancement within regions of hem- 
orrhage can be more easily detected. 

Neoplastic involvement of the gastrointestinal 
tract can also result in an acute clinical presentation 
due to the surrounding inflammation caused by the 
malignancy. Ulcerative or large lesions of the gastro- 
intestinal tract can cause wall thickening and 
enhancement, fat stranding, and adjacent edema 
(Fig. 17.30). Gastrointestinal tract neoplasms may 
not only incite bowel inflammation, but also mimic 
inflammatory bowel disease. Small bowel lymphoma 
can simulate Crohn's disease and radiologically pres- 
ent on MRI with mural nodularity, symmetric or 
asymmetric concentric wall thickening, effacement 
or thickening of the mucosal folds, focal bowel dila- 
tion, luminal strictures, ulceration, and mesenteric 
fat infiltration (Fig. 17.31) (Sartoris et al. 1984; 
Lohan et al. 2008). Finally, acute bowel perforation 
may occur in patients with primary and secondary 
neoplastic involvement of the bowel undergoing che- 
motherapy with targeted therapies. An intact pri- 
mary tumor, colonoscopy, or sigmoidoscopy carried 



out within 1 month of starting bevacizumab therapy, 
prior adjuvant radiotherapy, presence of tumor at the 
site of perforation, obstruction, intra-abdominal 
abscess, carcinomatosis, and acute diverticulitis have 
been identified as potential risk factors for bowel 
perforation in patients with a variety of tumors 
undergoing therapy with bevacizumab (Fig. 17.32) 
(Hedrick et al. 2006; Sugrue et al. 2006). 



17.3.3 

Ischemia and Obstruction of the 
Gastrointestinal Tract 

CT is the imaging modality of choice for evaluating 
suspected ischemia and bowel obstruction due to its 
widespread availability, short imaging times, and 
insensitivity to bowel peristalsis. MRI, however, can 
be used as an alternative imaging modality for the 
evaluation of bowel obstruction in patients in whom 
radiation is not desirable, such as in the pregnant and 
pediatric populations. Similarly, MRI can provide 
evaluation of the intra-abdominal vasculature with- 
out the need for intravenous contrast, which is par- 
ticularly advantageous for those patients with 
contraindications to iodinated contrast administra- 
tion, such as patients with renal insufficiency and 
allergies to iodinated contrast media. 

Bowel ischemia results from insufficient blood 
flow to the intestine due to a variety of causes includ- 
ing thromboembolism, nonocclusive etiologies, 
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Fig. 17.30. (a) Coronal, fat-saturated T2-weighted single- 
shot FSE and (b) axial, T2-weighted single-shot FSE images 
in a 21-year-old female with right lower quadrant pain dem- 
onstrate the wall of the ascending colon to be circumferen- 
tially thickened. Increased signal intensity within the wall 
is compatible with mural edema (arrowheads), with adjacent 
hyperintense fluid noted tracking along the right paracolic 
gutter (white arrow), (c) Axial, gadolinium-enhanced, 3D 
fat-suppressed, Tl-weighted GRE image shows increased en- 
hancement within the wall of the right colon (arrowheads) 
with surrounding inflammatory fat stranding and perito- 
neal enhancement. Adenocarcinoid tumor of the ascending 
colon was diagnosed at surgery and pathologic analysis 




Fig. 17.31. Coronal T2-weighted FSE image in a 58-year-old 
female presenting with abdominal pain demonstrates an 
abnormal loop of jejunum in the left lower quadrant with 
nodularity, wall thickening (arrowheads), and focal aneu- 
rysmal dilatation (arrows). High-grade jejunal B-cell lym- 
phoma was diagnosed at pathology 

bowel obstruction, neoplasm, vasculitis, trauma, che- 
motherapy, inflammatory conditions, radiation, and 
corrosive injury (Rha et al. 2000). The appearance of 
bowel ischemia on MRI is often nonspecific, mimick- 
ing other inflammatory or infectious processes. 
Ischemic bowel segments may demonstrate bowel 
wall thickening and mural stratification ("target" or 
"halo" sign), with increased signal within the wall on 
T2 -weighted imaging surrounded by a layer of inter- 
mediate signal on either side, signifying the presence 
of mural edema (Fig. 1 7.33) (Rha et al. 2000; Pedros a 
and Rofsky 2003). The involved bowel segment may 
appear dilated, and adjacent mesenteric edema and 
fluid can be visualized (Martin et al. 2005). With 
contrast administration, the ischemic bowel can 
demonstrate diffuse intense enhancement on the 
60-90-s delayed fat-saturated Tl-weighted images 
(Fig. 17.34) (Martin et al. 2005). When infarcted, 
lack of enhancement may be seen in the affected seg- 
ments of bowel (Klein et al. 1996). While the detec- 
tion of pneumatosis on MRI can be extremely 
difficult, the presence of the blooming effect within 
the bowel wall on the longer echo time, in-phase 
images compared to the shorter echo time, opposed- 
phase images (an echo time scheme commonly used 
on 1.5 T magnets) can help identify pneumatosis. 
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Fig. 17.32. (a) Axial, T2-weighted single-shot FSE image in a 
61-year-old man with metastatic renal cell carcinoma status 
post right nephrectomy demonstrates a large heterogeneous 
mass (arrowheads) within the nephrectomy bed compatible 
with tumor recurrence, intimately associated with the as- 
cending colon (C). A second soft-tissue metastasis is seen 
within the right anterolateral abdominal wall (arrow). Ten 
days after the initiation of bevacizumab therapy, the pa- 
tient presented with right-sided abdominal pain and (b) an 
axial CT image obtained during the portal venous phase of 
enhancement demonstrates dramatic response to therapy 
with replacement of the previously seen tumor within the 
nephrectomy bed with a contained collection of air and fecal 

T2-weighted, single-shot FSE imaging can confirm 
the presence of pneumatosis by demonstrating cur- 
vilinear low signal within the bowel wall which is 
separated from the bowel lumen by the mucosa (Fig. 
17.35) (Pedrosa et al. 2007). 

Single-shot FSE images are particularly valuable 
for depicting ischemic bowel in pregnancy. Similar 
to nonpregnant patients with ischemic bowel, 
abnormal bowel loops may demonstrate submu- 
cosal edema, adjacent mesenteric stranding, and 
bowel dilation. Like nonpregnant patients, these 
imaging features, however, are not specific for isch- 
emia (Fig. 17.36). 

MRI is also an excellent imaging modality for 
detecting bowel obstruction (see Chap. 16). The 




material (arrowheads) in communication with the ascend- 
ing colon (C). Findings are compatible with ascending co- 
lonic perforation and abscess formation. Note the marked 
reduction in size of the right anterolateral abdominal wall 
metastasis (arrow), (c) Axial, gadolinium-enhanced, 3D fat- 
suppressed, Tl-weighted GRE image from a subsequent MRI 
obtained a few months later shows communication (arrow) 
of the nonenhancing retroperitoneal fluid collection (large 
arrowhead) with the ascending colon (C). Enhancing soft- 
tissue nodule (small arrowhead) at the anteromedial margin 
of the fluid collection represents residual tumor within the 
nephrectomy bed. Susceptibility from a gastrostomy tube is 
present (asterisk) 

degree and level of small bowel obstruction can be 
readily demonstrated with T2-weighted single-shot 
FSE images without the need for oral or intravenous 
contrast (Regan et al. 1998; Leyendecker et al. 
2004). Using only single-shot FSE images, Regan et al. 
(1998) identified small bowel obstruction in 26 of 29 
patients with CT or radiographic evidence of small 
bowel obstruction, with a sensitivity of 90%. The 
correct level of obstruction was identified on MRI in 
73% of the patients, and the cause of the small bowel 
obstruction could be visualized in 50% of the 
patients. A more recent study in 28 patients with 
bowel obstruction showed MRI, with the use of sin- 
gle-shot FSE imaging only, could diagnose the cause 
of bowel obstruction in 95% of the cases, and had a 
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sensitivity, specificity, and accuracy of 95, 100, and particularly valuable in evaluating for bowel obstruc- 



96%, respectively, for diagnosing both small and 
large bowel obstruction (Beall et al. 2002). The use 
of multiplanar T2-weighted, single-shot FSE MRI is 




tion in pregnant patients in whom the administra- 
tion of intravenous contrast is undesirable (Fig. 
17.37). Multiplanar TrueFISP imaging without oral 
or intravenous contrast has also been shown to be 
helpful in diagnosing small bowel obstruction and 
identifying the level of obstruction in pregnancy 
(Mckenna et al. 2007). 




Fig. 17.33. Coronal T2-weighted FSE image in a 29-year- 
old-man with bloody diarrhea and abdominal pain demon- 
strates bowel wall thickening and pericolonic stranding and 
edema of the descending colon. Note colonic mural stratifi- 
cation with central areas of high signal intensity in the wall 
surrounded by intermediate signal intensity on either side, 
denoting mural edema (arrowheads). The patient underwent 
colonoscopy and biopsies confirmed ischemic colitis 



17.3.4 

Infection of the Gastrointestinal Tract 

In patients with suspected gastrointestinal tract 
infection, cross-section imaging, namely CT, is 
usually reserved for the detection of complica- 
tions related to the infection, including perfora- 
tion, obstruction, or abscess formation. MRI is 
rarely used as a primary imaging modality for 
clinical assessment in these scenarios, and there- 
fore, a paucity of literature exists describing the 
utility of MRI in the evaluation of gastrointestinal 
tract infection. 

The imaging features of infection involving the 
gastrointestinal tract on MRI are nonspecific, 
appearing similar to other inflammatory, neoplas- 
tic, and ischemic conditions that affect the bowel 
(Fig 17.13). Additionally, infection of the gastroin- 
testinal tract from viral, parasitic, or bacterial 
sources cannot be discerned based on MRI features 
alone. The imaging appearance of infected segments 
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Fig. 17.34. (a) Coronal T2-weighted single-shot FSE image 
in a 70 -year- old-woman presenting with abdominal pain 
and a history of paroxysmal atrial fibrillation and mitral 
valve replacement, demonstrates marked circumferential 
wall thickening of the cecum and ascending colon (black ar- 
row), (b) Axial, T2-weighted FSE image with fat suppression 
demonstrates extensive high signal within the wall of the 



right colon and surrounding pericolonic fat (arrowheads) , 
compatible with edema, (c) Axial, gadolinium-enhanced, 3D 
fat-suppressed, Tl-weighted GRE image obtained during the 
portal venous phase shows hyperenhancement of the cecal 
wall (white arrows) with luminal narrowing. Right-sided 
colonic biopsies were obtained, which revealed ischemic 
colitis 
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Fig. 17.35. (a) Axial, Tl-weighted GRE and (b) coronal, 
T2-weighted single-shot FSE images in a 58-year-old man 
with abdominal pain, history of Crohn's disease, and partial 
colectomy demonstrate extensive, curvilinear areas of low 
signal within the wall of the colon diffusely {white arrows), 
findings compatible with pneumatosis, (c) Axial CT image 
obtained during the portal venous phase of enhancement 



confirms extensive colonic pneumatosis. No free intraperi- 
toneal air, portal venous gas, or dilated loops of bowel were 
present on either imaging examination to suggest an isch- 
emic etiology, and findings were most suggestive of benign 
pneumatosis coli. The patient's symptoms quickly improved 
with conservative management 



of bowel or stomach can result in wall thickening, 
mural edema, and adjacent inflammatory stranding 
(Martin et al. 2005). With contrast administration, 
infected bowel segments demonstrate increased 
wall enhancement, which is indistinguishable from 
other etiologies of mural enhancement (Martin 
et al. 2005). 



17.4 



Conclusion 

The role of MRI in diagnosing acute gastrointestinal 
conditions continues to expand. The feasibility of 
evaluating pregnant patients presenting with acute 
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Fig. 1 7.36. (a) Coronal T2 -weighted single-shot FSE image in a 
39-year-old pregnant woman at 25-weeks gestation age present- 
ing with severe abdominal pain demonstrates fluid-filled loops 
of small bowel within the left hemiabdomen (black arrows) and 
free intraperitoneal fluid (white arrows), (b) Axial T2-weighted 




single-shot FSE image shows multiple loops of small bowel within 
the left hemiabdomen with marked wall thickening and a target 
appearance (arrowheads) indicative of mural edema. At surgery, 
the patient was found to have a small bowel volvulus secondary 
to an adhesion, resulting in extensive small bowel ischemia 





Fig. 17.37. (a) Coronal 
T2 -weighted single-shot FSE 
image in a 34-year-old pregnant 
female at 19-week gestational age 
with a history of ulcerative colitis 
and total colectomy demonstrates 
diffusely dilated, fluid-filled loops 
of small bowel with free fluid 
noted in the abdominal cav- 
ity (white arrows), compatible 
with a high-grade small bowel 
obstruction, (b) On the sagit- 
tal T2-weighted single-shot FSE 
image, the transition point of 
the small bowel obstruction is 
noted at the level of the ostomy 
(arrowhead), as the end ileal loop 
abruptly tapers due to a stenosis 
at the ostomy (black arrow). This 
patient underwent balloon dila- 
tion of the ostomy with resolu- 
tion of the bowel obstruction and 
her symptoms 
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abdominal pain with MRI has been established; 
however, its use has not become generalized. Because 
of the lack of familiarity of MRI among radiologists 
for these particular applications, combined with the 
relatively longer examination times of MRI, ultra- 
sound and CT continue to be the preferred imaging 
modalities for the evaluation of acute abdominal 
pain in both pregnant and nonpregnant populations 
in many institutions. Furthermore, the broad appli- 
cability of MRI in the evaluation of acute abdominal 
pain in nonpregnant patients requires further vali- 
dation. The use of short, tailored MRI protocols, pos- 
sibly including new MRI techniques such as DWI 
sequences, may enable its inclusion in the imaging 
diagnostic algorithms for acute abdominal pain. The 
lack of sensitivity of MRI for detecting air, however, 
may represent an important limiting factor in its 
widespread adoption. Nevertheless, MRI may be 
advantageous for evaluating specific acute abdomi- 
nal conditions in both pregnant and nonpregnant 
patients, including diagnosing acute appendicitis in 
pregnancy after an inconclusive ultrasound exami- 
nation, evaluation of inflammatory bowel disease 
and its complications, diagnosing acute biliary con- 
ditions, and offering a non-contrast imaging alterna- 
tive for the evaluation of vascular pathology. 
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KEY POINTS 



The pelvic floor is a complex anatomic and func- 
tional unit. Over the past few years MR imaging has 
gained increasing acceptance as imaging modality 
for evaluation of the pelvic floor. Using static 
T2 -weighted sequences, the morphology of the pel- 
vic floor can be visualized in great detail. A multicoil 
array and a rapid half-Fourier T2-weighted, bal- 
anced steady-state free precession (bSSFP),or gradi- 
ent-recalled echo (GRE) sequence are used to obtain 
sagittal images while the patient is at rest, during 
pelvic squeeze, during pelvic strain, and to docu- 
ment the evacuation process. On these images the 
radiologist identifies the pubococcygeal line (which 
represents the level of the pelvic floor) and the 
H- and M-Lines (which are helpful for confirming 
pelvic laxity). Based on these static and dynamic MR 
imaging sequences, a vast array of morphologic and 
functional pelvic floor disorders can be depicted. 
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18.1 



Introduction 

The pelvic floor is a complex anatomic and functional 
unit of multiple muscle layers, fascia and ligaments. 
In clinical routine, a simple anatomic concept of the 
female pelvic floor has gained acceptance. Especially 
for treatment planning, the female pelvic floor may 
be separated into three functional compartments: the 
anterior compartment (bladder and urethra), the 
middle compartment (vagina, cervix, uterus, and 
adnexa), and the posterior compartment (anus and 
rectum). Intact structure of the pelvic floor is a basic 
prerequisite for a normal mechanism of defecation 
and continence. Pelvic floor dysfunction is a complex 
condition involving some or all of the pelvic organs. 
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Common clinical symptoms of pelvic floor dysfunction 
are chronic constipation, pelvic pain, organ prolapse, 
and fecal incontinence. Underlying causes are often 
functional disorders including rectocele, rectal pro- 
lapse and intussusception, enterocele, abnormal pelvic 
floor relaxation with pelvic organ prolapse, and dys- 
synergic defecation. 

For evaluation of these pelvic floor disorders, cli- 
nicians and surgeons have traditionally relied on 
physical examination and clinical scoring systems. 
Although clinical scoring systems are helpful to 
establish diagnosis, they are less useful for surgical 
triage and planning, because they do not involve 
direct assessment of anatomy. To improve surgical 
outcome and success, preoperative triage and careful 
planning is necessary. 

In recent years, MRI has been introduced to sup- 
plement clinical data in selecting surgical candidates 
and in planning repairs. MRI is not only able to visu- 
alize detailed morphology of the pelvic floor in a 
static imaging mode, but can also be used as a 
dynamic imaging method for evaluation of the pelvic 
floor. The latter is also known as dynamic MR imag- 
ing of the pelvic floor or MR defecography, if the 
focus of interest is directed on the posterior pelvic 
floor compartment. 

In this chapter we review the technique and clini- 
cal applications of imaging of the pelvic floor with 
emphasis on the posterior pelvic floor compartment. 
Static imaging of the anal sphincter is covered in 
Chap. 19 of this book. This chapter focuses specifi- 
cally on dynamic MR imaging of the pelvic floor 
illustrating the MRI features of a vast array of ano- 
rectal dysfunctions and pelvic floor prolapse. 
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Technical Considerations 
18.2.1 

Patient Positioning 

Dynamic pelvic imaging may be performed in an 
open-configuration MR system in the sitting position, 
or in a closed-configuration MR system in the supine 
position. Although the sitting position is the physio- 
logic position during defecation, MR defecography is 
usually performed in the supine position, because of 
the limited availability of open- configuration MR 
magnets, which would allow examination in the phys- 
iologic sitting position. Reports about the influence of 



body position on defecation are sparse in the litera- 
ture. A study about patient positioning during MR 
defecography showed that MR defecography in the 
supine position and in the seated position is equally 
effective in identifying most of the clinically relevant 
abnormalities of the pelvic floor (Bertschinger et al. 
2002). The lacking influence of gravidity when patients 
are imaged in supine instead of sitting position may 
affect the diagnosis of intussusceptions. In the study 
of Bertschinger et al. (2002) all intusussceptions 
found in upright positions were missed in supine 
position. This means, if an intussusception is found in 
supine position it should be regarded as clinically rel- 
evant, and if it is missing in supine position, it cannot 
be reliably regarded as ruled out. In a study using 
supine dynamic MR (Kruyt et al. 1991) and sitting 
conventional defecography, the authors found no dif- 
ferences for the position of the anorectal junction 
(ARJ) or the measurements of the anorectal angle 
(ARA) between sitting and prone positions. In con- 
trast, a study using conventional defecography showed 
significant differences for ARA and perineal descent 
between left lateral decubitus and seated position 
during conventional defecography (Jorge et al. 1994). 
In another study, Rao et al (2006) showed differences 
in the defecation maneuver for different body posi- 
tions and different stool characteristics when per- 
forming balloon expulsion tests. These possible 
differences between the two body positions in mind, 
it is recommendable to employ always the same posi- 
tion for a given diagnostic group. 

18.2.2 

Patient Preparation 

The administration of contrast agent for MRI of the 
pelvic floor varies in different studies, from use of 
no contrast agent to filling of the rectum, vagina, 
urethra, and bladder with contrast agent; placement 
of markers in the vagina or rectum; or placement of 
urethral catheters (Healy et al. 1997; Lienemann 
et al. 1997; Yang et al. 1991). For evaluation of the 
posterior compartment of the pelvic floor, authori- 
ties agree that the rectum should be filled with con- 
trast agent. The rectum is filled with contrast agent 
not only for better delineation, but also mainly 
to study the actual act of defecation. This is of 
importance, as some disorders of the pelvic floor 
appear in their full size only during defecation, like 
rectal prolapse or intussusception (Lienemann and 
Fischer 2003). 
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Immediately before the examination, the rectum is 
filled with the rectal enema. The volume of enema 
used is variable and ranges between 120 and 300 mL 
(Halligan et al. 2001; Karlbom et al. 1999; 
Maglinte and Bartram 2007). Some investigators 
administer contrast agent until the patient feels a sus- 
tained desire to defecate. Others use a standardized 
volume of contrast agent. Although it is not known 
if the amount of contrast agent administered, influ- 
ences the extent of structural pelvic floor disorders, 
in our experience 250-300 mL of enema gives the 
best results. However, the time needed to evacuate the 
contrast agent and thus the assessment of the evacua- 
tion ability depend on the amount of contrast agent 
(see Sect. 18.3.4). Therefore, it is necessary to stan- 
dardize the volume administered. The viscosity of the 
contrast agent should be similar to that of normal 
rectum content because the manifestations of pelvic 
floor pathologies vary with different fecal consistency 
(Bartram et al. 1988; Karlbom et al. 1999; Solopova 
et al. 2008). Authors recommend ultrasound gel 
(Fletcher et al. 2003; Kelvin et al. 2000; Lienemann 
et al. 1997; Vanbeckevoort et al. 1999) or mashed 
potatoes (Bertschinger et al. 2002; Dvorkin et al. 
2004; Hetzer et al. 2006). Depending on the sequence 
used for dynamic MR imaging, the rectal enema may 
be doped with a small amount of standard extracel- 
lular gadolinium-based MR contrast agent. In general, 
neither premedication nor oral or rectal preparation 
for bowel cleansing is necessary before imaging. In 
our current imaging protocol, we do not perform ret- 
rograde filling of the bladder and we do not perform 
tagging of the vagina. In order to ensure filling of the 
bladder we ask the patient not to void the bladder at 
least 1 h before the examination. With regard to the 
middle-compartment, the soft-tissue contrast is usu- 
ally high enough to identify all anatomic landmarks. 
Therefore, we do not perform any tagging of the 
vagina. Exceptions may be specific queries before 
surgery is performed such as reconstruction of the 
pelvic floor in severe uterus prolapse. 

Beside the administration of contrast agent, a clear 
instruction of the patients about the procedure of the 
examination is essential. Because most patients might 
be nervous and intimidated, technicians must be 
trained in placing patients at ease in the MRI unit and 
giving clear instructions. Patient cooperation is criti- 
cal for a useful examination. Therefore, patients need 
to be instructed about imaging at different pelvic 
positions, including imaging at rest, at squeezing, at 
straining, and during defecation, before starting the 
examination. During the examination, the technicians 



are coaching the patients using a microphone and 
headset. In order to protect the scanner from soiling 
we cover the phased array coil with plastic and ask the 
patient to wear diapers. As the setting and the retro- 
grade administration of rectal contrast agent is artifi- 
cial, some have advocated the use of the term 
evacuation. This is to indicate the difference of this 
setting to physiologic defecation. In this chapter defe- 
cation and MR defecography are used as terms as 
these are commonly used. 

18.2.3 

Imaging Technique 

MR defecography may be performed in supine posi- 
tion using all commercially available closed- or open- 
configuration MR systems with horizontal access. 
When dynamic pelvic MR is performed in these MR 
systems the patient is placed in supine position and a 
pelvic phased-array coil is used for signal transmis- 
sion and/or reception. After filling the rectum the 
examination starts with a localizer sequence. The 
examination protocol includes non-fat-suppressed 
static T2-weighted fast spin-echo (FSE) or fast recov- 
ery FSE sequences in the transaxial plane. These 
sequences are performed to visualize the anatomy of 
the pelvic floor. Subsequently, dynamic MR imaging 
is performed. For dynamic MR imaging in the dif- 
ferent positions (at squeezing, at straining, and dur- 
ing defecation) various MR sequences can be used 
with similar results. The basic requirement for the 
sequence is the necessity for a fast imaging update. 
Some authors have used T2-weighted single-shot fast 
spin-echo sequences (SSFSE) in the midsagittal plane 
obtained at rest, at squeezing, at straining, and dur- 
ing defecation. Alternatively, balanced steady-state 
free precession (bSSFP) sequences may be used for 
this purpose. Our current protocol includes (bSSFP) 
sequences obtained at rest, at squeezing, straining, 
and after evacuation. For assessment of the defecation 
bSSFP sequence or alternatively a Tl -weighted multi- 
phase GRE sequence may be used. If the Tl -weighted 
multiphase GRE sequence is used, the rectal enema is 
usually tagged with a small amount of an extracellular 
gadolinium-based contrast agent. Which sequence is 
used depends on the scanner. For the evacuation 
phase, it is important to have a sequence which offers 
the possibility to acquire images over a long time 
period without the necessity to reload the sequence. 
This is in particular important in patients with a long 
prolongation period. 
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Filling of bladder, vagina, and rectum may act as a 
splint preventing prolapse, this is also named crowding. 
For this reason some have advocated a multi-phasic 
examination when these organs are filled. In this set- 
ting, the cystographic phase is performed before rec- 
tal filling, because rectal distention elevates the 
bladder base and may mask a cystocele (Kelvin and 
Maglinte 1997). 



18.2.4 

Image Analysis 

Image analysis is performed according to the three- 
compartment model of the pelvic floor (Roos et al. 
2002). The three compartments of the pelvic floor are 
assessed for morphologic changes at different pelvic 
floor positions. Beside the qualitative assessment, 
quantitative evaluation of imaging findings is impor- 
tant, because the extent of the imaging findings may 
influence further management. The use of reference 
lines for image evaluation is helpful. The most used 
reference line is the pubococcygeal line (PCL), which 
is defined on midsagittal images as the line joining the 
inferior border of the symphysis pubis to the last or 
second last coccygeal joint. The distance of the base of 
the bladder (anterior compartment), the cervix or 
vaginal vault (middle compartment), and the ARJ 
(posterior compartment) is measured at a 90° angle to 
the PCL in the different pelvic floor positions (at rest, 
squeezing, straining, and evacuation) as shown in Fig. 
18.1. The ARJ is defined as the cross point between a 
line along the posterior wall of the distal part of the 
rectum and a line along the central axis of the anal 
canal. To determine pathologic pelvic floor descent 
the measurements are made on the images, which 
show maximal organ descent, usually during maximal 
straining or during evacuation. In addition, the ano- 
rectal angle (ARA), which is defined as the angle 
between the posterior wall of the distal part of the rec- 
tum and the central axis of the anal canal, can be mea- 
sured at rest, squeezing, and straining (Fig. 18.2). It has 
to be noted that the reproducibility of ARA measure- 
ments has been debated and questioned in several 
studies (Ferrante et al. 1991; Penninckx et al. 1990), 
whereas other studies found the ARA a consistent and 
reliable parameter (Choi et al. 2000). Furthermore, the 
extent of other pathologic conditions such as rectoce- 
les and enteroceles are measured. 

Beside the three-compartment-model with the PCL 
as reference line mainly used by surgeons and gastro- 
enterologists, the second known system for grading 



pelvic floor abnormalities is the HMO system, which is 
mainly used by urologists and gynecologists (Comiter 
et al. 1999). The HMO systems distinguish pelvic organ 
prolapse and pelvic floor relaxation, which are two 
separate but often coexistent pathologic entities. In 
pelvic floor relaxation, the pelvic floor with its active 
and passive support structures becomes weakened 
leading to hiatal descent and hiatal widening. The 
degree of pelvic floor relaxation is measured with two 
reference lines: the H-line which represents hiatal wid- 
ening and extends from the inferior aspect of the sym- 
physis pubis to the posterior wall of the rectum at the 
level of the ARJ and the M-line which represents hiatal 
descent and extends perpendicularly from the PCL to 
the posterior end of the H-line (Fig. 18.3). Abnormal 
pelvic floor relaxation is present, when the H-line 
exceeds 6 cm, and when the M-line exceeds 2 cm in 
length (Boyadzhyan et al. 2008). 

Pelvic organ prolapse is defined as any organ 
descent beyond the H-line. The organ descent consti- 
tutes the O component of the HMO system and is 
measured as the shortest distance between the most 
caudal aspect of a given organ during maximal 
straining (bladder, vaginal vault, or any part of the 
remaining cervix in cases with a hysterectomy, small 
bowel, sigmoid colon) and the H-line (Boyadzhyan 
et al. 2008; Comiter et al. 1999). Pelvic organ pro- 
lapse is graded as small (grade 1, 0-2 cm below the 
H-line), moderate (grade 2, 2-4 cm), and large (grade 
3, >4cm). Also HMO measurements are performed 
during maximal straining, when pathologic findings 
usually show maximal extension. 



18.2.5 

Normal Findings 

At rest, the base of the bladder and the cervix or vagi- 
nal vault lies at or above the level of the PCL. The ARJ 
typically projects at or within 3 cm below the level of 
the PCL. The rectum is filled with contrast medium 
and should be smooth in outline, the anal canal is 
closed and builds an ARA between about 94° and 
114° to the rectum (Bartram et al. 1988; Ekberg 
et al. 1985; Goei et al. 1989; Kruyt et al. 1991). During 
maximum pelvic floor contraction (squeezing) the 
pelvic floor is elevated in relationship to the PCL and 
the ARA is decreased by about 10-23° (Goei et al. 
1989; Kruyt et al. 1991). Recording pelvic floor 
movement when the patient contracts the pelvic floor 
demonstrates pelvic floor muscle strength. Impaired 
movement may reflect weakness of the pelvic floor 
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Fig. 18.1. Seventy-nine-year-old female patient with normal 
findings at MR defecography. On midsagittal balanced steady- 
state freeprecession(bSSFP)T2-weightedMRimagesobtainedat 
rest (a), at squeezing (b), and at straining (c) and on aTl-weighted 
multiphase gradient recalled echo MR image during 



evacuation (d) the position of the base of the bladder (2, 
anterior compartment), the vaginal vault (2, middle compart- 
ment), and the anorectal junction (ARJ) (3, posterior compart- 
ment) is measured at a 90° angle to the PCL. P symphysis pubis; 
B bladder; V vaginal vault; R rectum; PCL pubococcygeal line 



muscles (Bharucha et al. 2005). During straining, 
the pelvic floor muscles relax and the pelvic floor 
descends normally <3 cm below the PCL. With the 
descent of the ARJ, the ARA increases to about 
113-135° (Bartram et al. 1988; Ekberg et al. 1985; 
Goei et al. 1989; Kruyt et al. 1991). Finally, the anal 
canal opens and the contrast material is evacuated. 
Normally, two -thirds of the contrast material should 
be evacuated within 60 s (when about 400 mL of con- 
trast agent are administered) (Minguez et al. 2004). 



Spectrum of Abnormal Findings 

18.3.1 
Rectocele 

Rectoceles are denned as an outpouching of the rec- 
tal wall. The anterior wall is most commonly affected, 
but a rectocele may also be located in the posterior 
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Fig. 18.2. Measurement of the anorectal angle (ARA). The 
ARA is measured between a line drawn through the pos- 
terior border of the distal part of rectum and a line drawn 
through the central axis of the anal canal 



Fig. 18.4. Sixty-one-year-old female patient with chronic 
constipation. Midsagittal Tl-weighted gradient recalled echo 
MR image during defecation shows bulging of the anterior 
(arrow) and posterior (arrowhead) rectal wall, which was 
graded as moderate anterior and posterior rectocele 




Fig. 18.3. Midsagittal bSSFP T2-weighted image obtained at 
straining shows landmarks used in the HMO system. The 
landmarks are the inferior aspect of the symphysis pubis (A) 
and the posterior wall of the rectum at the level of the ARJ (B). 
The H-line (H) represents the anteroposterior hiatal width 
and extends from A to B. The M-line (M) represents hiatal 
descent and extends perpendicularly from the pubococcy- 
geal line (PCL) to the posterior end of the H line 



rectal wall (Fig. 18.4), where it is also termed posterior 
perineal hernia because the defect occurs through the 
levator plate (Mahieu et al. 1984). Most rectoceles 
become apparent only during defecation. 

Rectoceles are common and some degree of recto- 
cele formation is present in most symptomatic women. 
Small rectoceles are seen in asymptomatic women 
and most likely represent normal variation (Shorvon 
et al. 1989). Rectoceles may develop due to weakness 
of the rectovaginal fascia, promoted by different fac- 
tors such as chronic constipation, complicated vagi- 
nal delivery,hysterectomy, congenital or constitutional 
weakness of the pelvic floor, or aging. 

A rectocele does not necessarily impede evacua- 
tion but retention of stool within a rectocele may 
lead to a sense of incomplete evacuation (Fig. 18.5). 
The clinical relevance may be determined by differ- 
ent criteria as the size, retention of contrast medium, 
the need for evacuation assistance, and the reproduc- 
ibility of outlet obstruction. 

The size, location, and degree of emptying of recto- 
celes can be assessed with MR defecography. In addi- 
tion, MR defecography allows for the detection of other 
pelvic floor pathologies often associated with rectoce- 
les, such as dyssynergic defecation, intussusception, 
and enterocele. The treatment decision in patients with 
rectoceles highly depends on these associated imaging 
findings. According to their maximum sagittal diame- 
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Fig. 18.5. Sixty-three-year-old female patient with feeling 
of incomplete evacuation. Midsagittal Tl-weighted gradient 
recalled echo MR image obtained during defecation shows 
and anterior rectocele (white arrow). The extension of the 
anterior rectocele is measured as the maximum wall pro- 
trusion beyond the expected margin of the normal anterior 
rectal wall (black arrow). In this case the anterior rectocele 
was graded as large with a diameter of 4.4 cm and showed 
retention of contrast medium at the end of defecation. In 
addition, a peritoneocele is seen with protrusion of perito- 
neal fat below the pubococcygeal line. U uterus 

ter, rectoceles are graded as small (<2cm), moderate 
(2-4 cm), and large (>4cm) (Fig. 18.5) (Roos et al. 
2002). Anterior rectoceles with a sagittal diameter of 
up to 2 cm are found in up to 20% of asymptomatic 
women, thus only anterior rectoceles > 2 cm should be 
considered abnormal (Shorvon et al. 1989). 



18.3.2 
Enterocele 

An enterocele is denned as a herniation of the perito- 
neal sac, which contains omental fat (peritoneocele), 
small bowel (enterocele), or large bowel (sigmoido- 
cele), into the rectovaginal or rectovesical space 
below the PCL. The prevalence of enteroceles in 
patients with pelvic floor disorders ranges from 17 to 
37% (Hock et al. 1993; Kelvin et al. 1992). Women 
are more frequently affected and often have a history 
of vaginal or abdominal hysterectomy (Karasick 
et al. 1993). Symptoms vary and are largely dependent 
on size and location of the enterocele. Patients may 
present with constipation, a feeling of incomplete 




Fig. 18.6. Fifty-five -year- old female patient with clinical 
symptoms of outlet obstruction after hysterectomy. Midsag- 
ittal Tl-weighted gradient recalled echo MR image obtained 
during defecation shows protrusion of a moderate enterocele 
(4.3 cm) (E) into the extended, convex perineum as well as a 
moderate anterior rectocele (arrow). The enterocele leads to 
a compression of the anorectum resulting in outlet obstruc- 
tion. PCL pubococcygeal line, E enterocele 

evacuation, or a sensation of a heavy feeling in the 
vagina. Large enteroceles may follow the sacral curve 
and lead to compression of the anorectum resulting in 
outlet obstruction (Fig. 18.6). Compared to the other 
forms of pelvic organ prolapse, clinical examination is 
insufficient for the detection of enteroceles, which are 
missed in up to 50% at clinical examination com- 
pared to conventional defecography. Nevertheless, 
conventional defecography does not seem to be ide- 
ally suited for the detection of enteroceles due to its 
lacking soft tissue contrast. Even when additional 
opacification of vagina and bowel is performed, con- 
ventional defecography fails to demonstrate up to 
20% of enteroceles (Gousse et al. 2000; LIENEMANN 
et al. 2000). MR imaging is ideally suited for the evalu- 
ation of enteroceles, being superior to conventional 
cystocolpoproctography (Lienemann et al. 2000). 
Because of its inherent soft tissue contrast, MR defec- 
ography allows for the differentiation between peri- 
toneocele, enterocele, and sigmoidocele without 
filling the small or large bowel with contrast agent. 
Furthermore, with the accurate detection of entero- 
celes, MR defecography identifies patients planned 
for surgical repair of pelvic prolapse, in whom an 
additional operative closure of the cul-de-sac is nec- 
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essary. A more efficient planning prior to surgery 
becomes possible. Undetected small enteroceles may 
result in progressive symptoms and in the need for 
another operation (Kelvin et al. 1992). 

Enteroceles are typically seen at the end of defeca- 
tion as a consequence of increased intraabdominal 
pressure, and are often concomitant findings of other 
pathologies of the pelvic floor. The size of an entero- 
cele is usually measured in relation to the PCL. The 
largest distance between the PCL and the most infe- 
rior point of the enterocele is measured with a per- 
pendicular line. Depending on this distance, small 
(<3 cm), moderate (3-6 cm), and large (>6cm) entero- 
celes are distinguished (Roos et al. 2002). 



18.3.3 

Intussusception and Rectal Prolapse 

Rectal prolapse is defined as an infolding of the rectal 
wall. An inner rectal prolapse (intussusception) is 
distinguished from an external rectal prolapse (cor- 
responding to the widely used clinical term "rectal 
prolapse") (Stoker et al. 2001). 



18.3.3.1 

Intussusception 

An intussusception is the infolding of the rectal 
mucosa occurring during defecation. Depending on 
the location, an intrarectal intussusception (Fig. 
18.7), limited to the rectum, is distinguished from an 



intraanal intussusception extending into the anal 
canal. The location of the intussusception may be 
anteriorly, posteriorly, or circumferentially. The 
intussusception either involves only the mucosa or 
the full thickness of the rectal wall. Patients may 
present with constipation or feeling of incomplete 
evacuation as their main symptom due to outlet 
obstruction or with fecal incontinence. Small intus- 
susceptions may be detected in asymptomatic volun- 
teers (Shorvon et al. 1989). 

Using MR defecography, the differentiation 
between a mucosal intussusception and a full-thickness 
intussusception is possible. This was shown in a 
study by Dvorkin et al., where two of ten patients 
diagnosed with full-thickness intussusception at 
conventional defecography showed only mucosal 
intussusception at MR defecography (Dvorkin 
et al. 2004). The differentiation of mucosal and full- 
thickness intussusception is of clinical relevance, 
because the two different forms entail different 
treatment strategies (Mccue and Thomson 1990; 
Tsiaoussis et al. 1998). In up to 30% of patients 
with intussusception associated anterior or middle 
pelvic floor compartment descent has been shown 
(Dvorkin et al. 2004) (Fig. 18.7). Thus, MR defecog- 
raphy provides useful additional information, espe- 
cially if surgery is planned. However, as mentioned 
above MR defecography performed in supine posi- 
tion may miss intussusception most likely due to the 
lack of gravidity. Therefore, with regard to intussus- 
ceptions, we recommend to perform conventional 
defecography in patients with equivocal findings at 
MR defecography. 
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Fig. 18.7. Forty-seven-year-old female patient with pelvic 
pain, feeling of incomplete evacuation, and need for manually 
assisted defecation. Midsagittal Tl -weighted gradient recalled 
echo MR images obtained at rest (a) show normal configura- 
tion of the rectum. MR images at straining (b) show a bulg- 
ing of the anterior rectal wall (arrow). During defecation 



(c) a circumferential mural intussusception evolves, which 
extends into the rectum (full-thickness intrarectal intus- 
susception) (arrowheads). Associated moderate anterior and 
small posterior rectoceles are evident (large arrows in c). In 
addition, a cystocele can be seen during defecation (small 
arrow in c) 
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18.3.3.2 

External Rectal Prolapse 

The external rectal prolapse is denned as an infolding 
of rectal mucosa, which protrudes through the anal 
canal outward (Fig. 18.8). The incidence is 4:1,000 and 
is higher in women than in men (womemmen = 6:1) 
(Fengler et al. 1997). Common symptoms include 
constipation, sensation of incomplete evacuation, 
fecal incontinence, and rectal ulceration with bleed- 
ing. External prolapse is a clinical diagnosis, and MR 
defecography is performed for diagnosing associated 
pathologies (Fig. 18.8) and surgical planning. 



18.3.2 

Pelvic Organ Prolapse 

18.3.2.1 
Cystocele 

Cystoceles are the most common pathology of the 
anterior compartment of the pelvic floor and occur in 
postmenopausal women. A cystocele is denned as pro- 
trusion of the bladder into the anterior vaginal wall 
and below the PCL. Cystoceles can occur alone or in 
combination with other pathologies of the pelvic 




Fig. 18.8. Eighty-two -year- old female patient with recur- 
rence of an external rectal prolapse. Midsagittal Tl-weighted 
gradient recalled echo MR image obtained during defecation 
shows an external rectal prolapse and an additional large 
cystocele (arrow). B bladder, R rectum 



floor (Figs. 18.7-18.9). Patients present with unwanted 
urinary leakage and incomplete emptying of the blad- 
der. On MR defecography cystoceles are evaluated 
according to their size, measured from the PCL to the 




Fig. 18.9. Fifty- seven-year- old female patient with imperative 
defecation and descending perineum syndrome, (a) bSSFP 
T2-weighted MR image obtained with the patient at rest shows 
a normal position of the pelvic floor in relation to the PCL with 
the anterior (1) and middle (2) compartment above the PCL 
and the posterior compartment (3) 3 cm below the PCL. (b) 
Tl-weighted gradient recalled echo MR image obtained dur- 
ing maximal straining shows a bulging of the whole pelvic 
floor with a moderate descent of the anterior compartment 
(1: 4.2 cm) and the middle compartment (2: 3.7 cm) and a large 
descent of the posterior compartment (3: 7 cm). P symphysis 
pubis, B bladder, U uterus, R rectum, PCL pubococcygeal line 
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base of the bladder, and are graded as small (<3cm), 
moderate (3-6 cm), or large (>6cm) (Roos et al. 2002). 



18.3.2.2 

Utero vaginal Prolapse 

A descensus of the uterus is commonly due to insuf- 
ficient uterosacral ligaments, which attach the cranial 
part of vagina and uterus. The uterus protrudes cau- 
dally into the vagina and in severe cases prolapses 
through the vagina. The utero-vaginal prolapse is 
usually diagnosed at clinical examination. 



18.3.3 

Pelvic Floor Relaxation (Pelvic Floor Descent), 
Descending Perineal Syndrome 

The pelvic floor relaxation is defined as pathologic 
descensus of the pelvic floor at rest or at straining 
caudal to the PCL. Usually all three compartments of 
the pelvic floor are involved, but also a descensus 
only of the anorectum can occur (Roos et al. 2002). 
Several underlying causes are known, such as mul- 
tiple vaginal deliveries, gynecological operations, 
chronic constipation, pudendal nerve neuropathy, or 
congenital connective tissue disease (Bartolo et al. 
1983). Most commonly affected are women, aged 50 
years or older (Weber and Richter 2005). Pelvic 
floor descent is initially characterized by perineal 
pain and constipation. Incomplete evacuation leads 
to excessive straining and consecutively to increased 
denervation and over time to fecal incontinence 
(Locke et al. 2000). 

Although pelvic floor descent sometimes can be 
already seen at rest, it usually shows the maximal 
extension at straining and during evacuation (Fig. 18.9). 
Different quantification and grading systems for pel- 
vic floor descent are described in the literature. A 
simple method is to measure the descent of the rec- 
tum (ARJ), the vaginal vault (or any part of the 
remaining cervix in case of hysterectomy), and the 
bladder representing the main structures of the three 
compartments with respect to the PCL, which is 
shown in Fig. 18.9. The extent of the pelvic floor 
descensus is defined as the largest distance between 
the PCL and the lowest point of the anterior (bladder 
base), middle (vaginal vault), and posterior pelvic 
floor compartment (ARJ). A small rectal descent is 
described when the ARJ is <3cm below the PCL, a 
moderate rectal descent when the distance is 3-6 cm, 



and a large rectal descent when the distance is > 6 cm 
(Roos et al. 2002). The same grading is used for 
descent of the anterior and middle pelvic floor 
compartment. 

18.3.4 

Dyssynergic Defecation 

Dyssynergic defecation produces functional outlet 
obstruction during defecation and is one of the 
causes of chronic constipation. Dyssynergic defeca- 
tion is a functional disorder characterized by either 
paradoxic contraction or an inability to relax the anal 
sphincter and/or puborectalis muscle. In the litera- 
ture, many other terms such as dyskinetic puborecta- 
lis muscle (Karasick et al. 1993), nonrelaxing 
puborectalis syndrome (Jorge et al. 1993), spastic 
pelvic floor syndrome (Kelvin et al. 1994; Kuijpers 
and Bleijenberg 1985), pelvic floor dyssynergia 
(Whitehead et al. 1999) and anismus (Halligan 
et al. 1995) have been used. In order to take into 
account that this dysfunction is not confined to a 
single muscle,an expert group (Rome III) (Bharucha 
et al. 2006) recently proposed the term "dyssynergic 
defecation" to appropriately describe the failure of 
coordination or dyssynergia of the abdominal and 
pelvic floor muscles involved in defecation. 

Patients with dyssynergic defecation present with a 
variety of symptoms centering on constipation includ- 
ing rectal evacuation difficulties such as excessive 
straining, sensation of blockage, feeling of incomplete 
evacuation, need for manually assisted defecation and 
frequent use of enemas or suppositories (Rao et al. 
2004). The exact cause of dyssynergic defecation is 
still unclear, but there seems to be an association 
between dyssynergic defecation and pelvic surgery, 
previous sexual abuse, anxiety, and psychologic stress 
in some patients (Bolog and Weishaupt 2005). 

The diagnosis of dyssynergic defecation is notori- 
ously difficult. Most authorities recommend using a 
combination of clinical history and diagnostic tests, 
including electromyography, the balloon expulsion 
test, manometry, and defecography. The individual 
weight of each of the tests for the final diagnosis of 
dyssynergic defecation is not exactly defined. 

Functional imaging with conventional or MR 
defecography is considered to be a useful adjunct in 
establishing the diagnosis of dyssynergic defecation. 
Different structural imaging findings in conventional 
defecography have been described in patients with 
dyssynergic defecation, which can be also seen on 
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MR defecography, including prominent impression 
of the puborectal sling, narrow anal canal, prolonged 
evacuation, a lack of descent of the pelvic floor, and 
thus a failure to increase the ARA (Fig. 18.10) 
(Karlbom et al. 1995; Kuijpers and Bleijenberg 
1985). However, the usefulness of these findings is 
discussed controversially (Halligan et al. 1995; 
Karlbom et al. 1995, 1999). In addition, defecography 



can be performed to rule out structural rectal abnor- 
malities and provides an estimate of the degree of 
rectal emptying. 

Delayed initiation of evacuation and impaired 
evacuation, in particular, as seen on conventional 
defecography are present in patients with dyssynergic 
(Halligan et al. 1995, 2001). Especially impaired 
evacuation which was defined by Halligan et al. 



E 



\ 




Fig. 18.10. Fifty-four-year-old female patient with clinical 
suspicion of dyssynergic defecation. On bSSFP T2-weighted 
MR images obtained at (a) rest the ARA measures 93°, whereas 
the ARA during squeezing is 77° (b). (c, d) Tl -weighted gra- 
dient recalled echo MR images show a pathologic decrease 
of the ARA during straining (79°) (c) and during evacuation 



(55°) (d). Paradoxical sphincter contraction is noted with 
impression of the dorsal anorectal wall during evacuation 
(arrowhead in d). After several attempts to defecate a moder- 
ate anterior rectocele (arrow in d) is seen. The patient was 
able to evacuate only less than two-thirds of the contrast 
agent 
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(Halligan et al. 2001) as an inability to evacuate two- 
thirds of the contrast enema within 30 s is highly sug- 
gestive for the presence of dyssynergic defecation. 
This cut-off value of 30 s for the evacuation of two- 
thirds of the contrast enema was denned when admin- 
istering 120mL of contrast agent. Following the study 
of Minguez et al., we use a cut-off value of 60 s for the 
evacuation of two-thirds of the contrast enema, 
because we administer a larger amount of contrast 
agent (300 mL). In a study of 3 1 patients with impaired 
evacuation at conventional defecography 28 patients 
(90%) had dyssynergic defecation at subsequent phys- 
iologic testing (Halligan et al. 2001). 



18.4 



Conclusion 

MR defecography is a relatively new method, which 
combines morphologic information of the pelvic 
floor along with function. Although the primary 
interest of the examination is the posterior compart- 
ment, MR defecography also provides information of 
the middle and anterior pelvic floor compartment 
resulting in a global examination of the pelvic floor. 
MR defecography is recommended as adjunct to 
clinical examinations and functional tests for the 
evaluation of different pelvic floor pathologies in 
patients presenting with symptoms such as constipa- 
tion or incontinence. Furthermore, MR defecography 
is a useful diagnostic tool for surgical triage and for 
planning of specific repairs, especially of the poste- 
rior pelvic floor compartment. 

For patients with outlet obstruction, MR defecog- 
raphy has been shown to be valuable in the assess- 
ment of possible morphologic causes of this disease 
complex. 
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KEY POINTS 



This chapter will detail the clinical utility of MRI 
of the anus. The main emphasis will be on fistula- 
in-ano, where MRI is extensively used because it is 
generally accepted to be the reference standard 
investigation, surpassing even surgical assessment. 
The pathogenesis of fistula-in-ano is described, 
along with the different types of fistula encoun- 
tered and the principles of surgical treatment. We 
describe how fistula-in-ano may be imaged with 
MR and emphasize that precise Preoperative char- 
acterization of the anatomical course of the fistula 
and all associated infection is critical, if surgery is 
to be most effective. We also detail other clinical 
scenarios where MRI of the anus has particular 
clinical utility, namely investigation of anal incon- 
tinence and anal malignancy. 
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19.1 



MRI of Fistula-In-Ano 

Fistula-in-ano describes an abnormal communica- 
tion between the anal canal (or occasionally the rec- 
tum) and the perianal skin. It is a common condition 
that has a tendency to recur despite apparently cura- 
tive surgery. Recurrence after surgery is almost 
always due to infection that has escaped detection by 
the surgeon and thus gone untreated. It is now 
increasingly recognized that Preoperative imaging, 
notably by MRI, is able to identify fistulas and associ- 
ated abscesses that would otherwise have been 
missed. Not only can MRI elegantly display perianal 
fistulas, Preoperative MRI has been shown to influ- 
ence subsequent surgery and significantly diminish 
the chance of recurrent disease as a result. Because of 
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this, Preoperative imaging is becoming increasingly 
routine, especially in patients with recurrent fistulas. 
In order to fully understand the role of imaging for 
fistula-in-ano, an appreciation of their etiology and 
how the various fistula types are defined by anatomi- 
cal boundaries is mandatory. 

19.1.1 

Anal Anatomy and the Aetiology 
of Fistula-ln-Ano 

The anal canal is essentially a luminal cylinder sur- 
rounded by two muscular sphincters, the internal 
and external anal sphincters, which are composed of 
smooth and striated muscle, respectively (Fig. 19.1). 
The external sphincter merges, proximally with the 
sling-like puborectalis muscle which itself merges 
with the levator plate of the pelvic floor. The internal 
sphincter is the distal termination of the circular 
muscle of the gut tube. Lying between the external 
and internal sphincters is the longitudinal muscle, 
which is the termination of the rectal longitudinal 
smooth muscle. The longitudinal muscle interdigi- 
tates between the internal and external sphincters 
and terminates in the perianal skin. The longitudinal 
muscle is thought to bind the structures of the anus 
together, especially as it has no obvious sphincteric 
effect. There is a surgical plane of dissection between 
the internal and external sphincters, known as the 
intersphincteric space. This space is most frequently 
found between the longitudinal muscle and external 
sphincter, and is filled with fat containing loose areo- 
lar tissue. The ischioanal fossa lies lateral to the 
sphincter complex, is filled with fat, and is traversed 
by a network of fibro-elastic connective tissue. 
Because this space lies adjacent to the anus (vs. 
the rectum) and lies immediately below (vs. above) 
the levator plate of the pelvic floor, the authors prefer 
the term "ischioanal" fossa rather than "ischiorectal," 
which is commonly used by surgeons. However, the 
two terms are interchangeable. 

The anal canal is lined with epithelial tissue. The 
proximal region is lined with rectal columnar epithe- 
lium and the distal with squamous epithelium, which 
merges with the squamous epithelium of the peria- 
nal skin. The junction between the two (i.e. the histo- 
logical ano-rectal junction) is generally in the region 
of the dentate line, which is an undulating structure 
formed by the distal aspects of longitudinal anal 
folds (the columns of Morgagni). The dentate line 
lies approximately 2 cm cranial to the anal verge and 




Fig. 19.1. (a) Diagrammatic representation of the anal canal, 
coronal view. EAS external sphincter; IAS internal sphincter; 
PR puborectalis muscle, LA levator ani, LM longitudinal mus- 
cle; IS intersphincteric plane, (b) Coronal T2-weighted scan 
showing the same structures (courtesy Jaap Stoker MD) 

is a crucial landmark in fistula-in-ano because anal 
glands communicate with the anal lumen in this 
region. The anal glands are blind ending sinuses, 
which are believed to secrete mucus and thus lubri- 
cate the anal canal. They are arranged more or less 
circumferentially around the anus and discharge into 
the lumen approximately at the level of the dentate 
line, as described above. They penetrate the sur- 
rounding structures to various degrees - some may 
only reach the subepithelial tissues, others may reach 
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the internal sphincter, and the deepest reach the 
intersphincteric space (Fig. 19.1). Chiari (1878) was 
the first to suggest that fistula-in-ano was initiated by 
infection of the anal glands - the "cryptoglandular 
hypothesis" (Parks 1961). It is now believed that the 
anal glands become infected, perhaps because the 
draining duct becomes blocked by debris, and that 
this infection may ultimately result in an acute peri- 
anal abscess. An acute peri-anal abscess is a common 
surgical scenario, familiar to all general and colo- 
proctological surgeons. Treatment is generally by 
incision and drainage over the most fluctuant part of 
the abscess, but this procedure does not pay due 
attention to the source of infection in the intersphinc- 
teric space. The result is that as many as 87% patients 
with an acute peri-anal abscess may subsequently 
develop a fistula (Fucini 1991). Acute perianal 
abscess and fistula-in-ano are therefore likely to be 
acute and chronic manifestations of the same dis- 
ease. A fistula develops when intersphincteric infec- 
tion is allowed to continue unabated. Fistula-in-ano 
has a prevalence of approximately 0.01%, predomi- 
nantly affecting young adults (Sanio 1984). It is com- 
moner in men, who dominate in all published series, 
with a male:female ratio of approximately 2:1. While 
some fistulas can be entirely asymptomatic, most 
patients complain of discharge but local pain due to 
inflammation is also often present. 

19.1.2 

Classification of Fistula-ln-Ano 

By definition a fistula describes an abnormal com- 
munication between two epithelial surfaces. The ana- 
tomical course of the fistula will be dictated by the 
location of the infected anal gland and the anatomi- 
cal planes and boundaries that surround it. The inter- 
nal opening of the fistula will usually be in the anal 
canal at the level of the dentate line, that is at the orig- 
inal site of the duct draining the infected gland. In the 
radial plane, the internal opening is usually posterior 
at 6 o'clock, simply because anal glands are more 
abundant posteriorly, especially in men. The fistula 
can reach the perianal skin via a variety of routes, 
some more tortuous than others and thereby pene- 
trating and involving the muscles of the anal sphinc- 
ter and surrounding tissues to a variable degree. 
Fistulas may thus be "classified" according to the 
route taken by this "primary track," which links the 
internal and external openings. Furthermore, classi- 
fication influences treatment very significantly, about 



which more later. There have been a variety of 
attempts to classify fistula-in-ano, with various 
nomenclature, but by far the most widely used is that 
proposed by Parks and colleagues in 1976 (Parks 
et al. 1976). Parks carefully analyzed a consecutive 
series of 400 patients referred to the surgeon's of St. 
Mark's Hospital London, a specialist hospital dealing 
with coloproctological disease, and found that he was 
able to place all fistulas encountered into one of four 
broad categories; intersphincteric, transsphincteric, 
suprasphincteric, and extrasphincteric. Importantly, 
most of these groupings could be explained by the 
cryptoglandular hypothesis. 

The path of least anatomical resistance for fester- 
ing intersphincteric infection is straight down the 
intersphincteric space, creating an intersphincteric 
fistula, which comprises 45% of Parks' series (Fig. 19.2). 
Importantly, this fistula does not penetrate the adja- 
cent external sphincter, which forms a relative barrier 
to spread. However, some truculent fistulas do pene- 
trate into the external sphincter, and by doing so 
reach the ischioanal fossa (Fig. 19.2). This results in a 
transsphincteric fistula, which comprised 30% of 
Parks' series. Other fistulas may spread upwards in 
the intersphincteric space rather than downwards. In 
order to reach the perianal skin the primary track 
must then arch over the puborectalis muscle, cross 
the levator plate, and then traverse the ischioanal 
fossa. This type, termed a suprasphincteric fistula 
(Fig. 19.2), comprises 20% of Parks' series. 

It is obvious that inter-, trans-, and suprasphinc- 
teric fistulas are all predicated by sepsis in the inter- 
sphincteric space. However, Parks also noted a fourth 
type of fistula in 5% of cases, which did not feature 
intersphincteric infection. Instead, these fistulas pen- 
etrated the rectum or anorectal junction directly, 
bypassing the intersphincteric space completely 
(Fig. 19.2). Cleary, this type of fistula cannot be 




Intersphincteric Trans- Suprasphincteric Extra- 



sphincteric sphincteric 

Fig. 19.2. Park's classification of fistula-in-ano showing the 
four basic types of primary fistula tracks 
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explained by anal gland infection and Parks hypoth- 
esized that these "extrasphincteric" fistulas were 
instead due to disease originating outside the anal 
canal. He stressed that primary rectal or pelvic dis- 
ease should be considered when this type of fistula 
was encountered, for example diverticular disease, 
rectal Crohn's disease, carcinoma. It should be noted 
that Parks' series inevitably suffered spectrum bias 
owing to the specialized nature of St. Marks Hospital; 
a bias acknowledged by Parks himself, with the result 
that complex fistulas were almost certainly overrep- 
resented in his series. For example, Parks did not 
describe submucus fistulas, which are very superfi- 
cial and do not involve the sphincter at all. 

While most fistulas probably start as a simple, sin- 
gle primary track, unabated infection may result in 
ramifications (often multiple) that branch away from 
this. Such secondary tracks are generally termed 
"extensions" (Fig. 19.3) and are the major factor that 
underpins recurrent fistulas because they may occur 
several centimetres away from the primary track and 
often lie deep in surrounding tissues, thus escaping 
easy detection. Their distance from the primary track 




Fig. 1 9.3. Extensions: there are two transsphincteric primary 
fistula tracks, (a) An extension into the roof of the ischioanal 
fossa, (b) Supralevator extension, piercing the levator plate, 
(c) Supralevator extension via the intersphincteric plane, (d) 
Horseshoe extension in the intersphincteric plane 



also complicates the surgery needed to treat them ade- 
quately (see sections below). Extensions may be inter- 
sphincteric, ischioanal, or supralevator (pararectal) 
and they may take the form of tracks or abscesses. 
Exactly when a track becomes an abscess has no pre- 
cise definition but both describe regions of sepsis. The 
ischioanal fossa is the commonest site for an exten- 
sion, especially one that arises from the apex of a 
transsphincteric fistula (Fig 19.3). Extensions also 
occur in the horizontal plane and are known as "horse- 
shoes" if there is ramification of sepsis on both sides 
of the internal opening (Fig. 19.3). 

Thus the "classification" of a fistula involves descrip- 
tion of the path taken by the primary track and the 
anatomical location of any associated extensions. 

19.1.3 

Clinical Assessment and Treatment 
of Fistula-ln-Ano 

Surgical treatment of fistula-in-ano is usually 
straightforward and involves laying-open the fistula 
by incision, usually by cutting down onto a metal 
probe that has been inserted into the primary track. 
However this seemingly simple procedure has many 
unexpected traps waiting for the unwary. Injudicious 
incision and overenthusiastic exploration can very 
quickly and convert a simple fistula into a surgical 
nightmare by creating additional extensions, tracks, 
and communications, with disastrous consequences 
for the patient. The prime objectives are to identify 
the track and any associated extensions, and then 
eradicate these by draining all associated infection, 
all without compromising anal continence. It is the 
right balance between eradication of sepsis and pres- 
ervation of function that is the art of fistula surgery. 
In order to achieve this, two surgical questions need 
to be answered Preoperatively: 

• What is the relationship between the fistula and 
the anal sphincter? That is, can the track be safely 
laid open without risking postoperative inconti- 
nence? 

• Are there any extensions from the primary track 
that need to be treated in order to prevent recur- 
rence? If so, where are they? 

Surgeons have traditionally relied on examination 
under (general) anesthesia (EUA) to answer these 
questions. At EUA, the surgeon attempts to classify 
the fistula by palpation and probing so as to determine 
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its relationship to the sphincter. However, the sur- 
geon cannot visualize underlying muscles directly 
and the loss of tone induced by general anesthesia 
further impairs precise identification. The height of 
the internal opening relative to the anal canal and 
sphincters is crucial; the higher the opening is, the 
more sphincter will be divided when the fistula is 
laid open. A blunt metal probe is inserted into the 
external opening and gently directed toward the 
dentate line in order to find the anal opening. This is 
not as straightforward as it sounds. For example, the 
internal opening is frequently very difficult to see 
but the probe must not be advanced forcefully 
because doing so is a major cause of unintentional 
tracks and extensions. For example, forceful probing 
of a transsphincteric fistula track in the roof of the 
ischioanal fossa can easily rupture through the leva- 
tor plate, thereby causing a supralevator extension. 
In the worst instance, the probe can even rupture 
into the rectum, converting a transsphincteric fistula 
into an extrasphincteric fistula, which is very diffi- 
cult to treat indeed (Parks et al. 1976). Identification 
of associated extensions at EUA is central to curing 
the fistula. It is well-recognized that missed exten- 
sions are the commonest cause of recurrence, which 
reaches 25% in some series (Lilius 1968). Extensions 
require specific treatment and inevitably necessitate 
more extensive surgery. For example, supralevator 
extensions are particularly difficult both to diagnose 
(because they are high above the anal canal) and to 
treat (because the levator plate forms a barrier to 
drainage). 

The net result is that at EUA it can be very difficult 
to classify the primary track with confidence, and 
there is ample opportunity to make matters even 
worse. Patients with recurrent disease are a particu- 
lar case in point. They are most likely to harbour foci 
of missed sepsis but are also the most difficult to 
assess at EUA. In the context of multiple failed opera- 
tions previously, digital palpation frequently cannot 
distinguish between scarring due to repeated surgery 
and induration due to an underlying extension. 
Furthermore, this group is also most likely to have 
extensions that travel several centimetres away from 
the primary track, which further hampers their 
detection. The more chronic the fistula, the more 
complicated associated extensions tend to be. The 
inevitable result is that these patients become pro- 
gressively more difficult to treat, with both patient 
and surgeon becoming ever more exasperated. The 
key to breaking this loop is accurate Preoperative 
assessment. 



19.1.4 

MR Imaging of Fistula-ln-Ano 

For many years radiologists have attempted to help 
answer the surgical questions posed in the section 
above, with varying degrees of success. Contrast fis- 
tulography was the first modality employed, and 
involves catheterizing the external opening with a 
fine cannula and then gently injecting water-soluble 
contrast in order to opacify the fistula track. 
Unfortunately, fistulography suffers from two major 
drawbacks. First, extensions from the primary track 
may fail to fill with contrast if they are plugged tract 
debris, very remote, or if there is excessive contrast 
reflux from either the internal or external openings. 
Second, the sphincter muscles themselves are not 
directly imaged, which means that the relationship 
between the track and sphincter must be guessed. 
Furthermore, an inability to visualize the levator 
plate means that it can be very difficult to decide 
whether an extension is supra- or infra-levator. The 
net result is that fistulography is both difficult to 
interpret and its results are unreliable. While initial 
reports of computerized tomography (CT) for 
fistula-in-ano were encouraging, fistula visualization 
is not enough; they must be classified correctly, and 
more mature data suggest that CT cannot do this 
with sufficient accuracy. This is because the attenua- 
tion of the anal sphincter and pelvic floor is similar 
to the fistula itself unless the latter contains air or 
contrast. This is compounded with an inability to 
image in the surgically relevant coronal plane. 

Anal endosonography (AES) was the first tech- 
nique to directly visualize the anal sphincter complex 
in detail and, naturally, AES has been applied to the 
classification of fistula-in-ano. While AES can be very 
useful, it is difficult to interpret in the context of fis- 
tula disease and highly dependent on the experience 
of the sonographer. Also, being an ultrasound tech- 
nique, structures remote from the transducer are dif- 
ficult to see, with the result that extensions may be 
easily missed because of variable penetration beyond 
the sphincter complex. Also, AES cannot reliably dis- 
tinguish infection from fibrosis since both appear 
hyporeflective, and this causes particular difficulties 
in patients with recurrent disease since infected 
tracks and fibrotic scars frequently occur together. 
Injection of hydrogen peroxide into the external 
opening may help differentiate between the two but 
other limitations persist, especially in patients with 
extensions and remote tracks. While there is no doubt 
that AES is a valuable technique in the right hands, 
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MRI is generally superior: A study comparing AES to 
digital evaluation and MRI in 108 primary tracks 
found that digital evaluation correctly classified 61%, 
AES 81%, and MR imaging 90% (Buchanan et al. 
2004). While AES was particularly adept at correctly 
predicting the site of the internal opening, achieving 
this in 91% compared to 97% for MRI (Buchanan 
et al. 2004), there is little doubt that MRI is a superior 
technique overall. 

Over the past decade MRI has emerged as the 
leading contender for Preoperative classification of 
fistula-in-ano. This is because, with the right 
sequences, MRI can vividly separate fistula tracks 
and extensions from surrounding structures. 
Furthermore, its ability to image in surgically rele- 
vant planes means that the anatomical course of the 
fistula can be determined easily. Indeed, the ability of 
MRI to not only accurately classify tracks but also to 
identify disease that would otherwise have been 
missed has had a palpable effect on surgical treat- 
ment and, ultimately, patient outcome (Halligan 
and Buchanan 2003; Halligan and Stoker 2006). 

19.1.5 

MRI Technique 

Field strength is not critical for good results. Although 
higher field strength might provide more elegant 
images, these do not seem to convey significantly 
more diagnostic information than lesser machines. 
Initial reports necessarily used the body coil with 
good results (Lunniss et al. 1992; Spencer et al. 
1996). The introduction of external phased array sur- 
face coils increased signal to noise ratio (SNR) and 
spatial resolution, to good effect (Beets-Tan et al. 
2001; Buchanan et al. 2002). The best spatial resolu- 
tion is achieved using dedicated endoluminal anal 
coils (Fig 19.1b) (Hussain et al. 1996). It should be 
stressed that anal endoluminal coils are not the same 
as rectal coils. Rather, they are smaller in diameter 
and are intended to cross the anus. While endoanal 
coils undoubtedly provide the most elegant images 
of the anal sphincter complex, they suffer the same 
limitation as AES - the limited field of view means 
that distant extensions will occasionally be missed 
(Halligan and Bartram 1998). While the exact 
choice of coil depends on personal preference, avail- 
ability, the patient being studied, and the clinical 
question, it is important that a wide field-of-view is 
achieved in any patient where a distant extension 
from the primary track is a possibility. Obvious 



examples are patients with recurrent fistulas and 
those with Crohn's disease but potentially any patient 
with a fistula may have an extension. Because of this, 
a phased array body or surface coil will usually be the 
most appropriate choice whereas the high spatial 
resolution of endoluminal coils makes them ideal for 
precisely demonstrating the location and height of 
the internal opening. Endoanal coils may also have a 
special role for demonstrating ano- or recto-vaginal 
fistulas, which are notoriously difficult to image. 

Various investigators have adopted different strate- 
gies regarding the sequences used to image fistula-in- 
ano. All agree that anatomical precision is needed, so 
that the course of the fistula with respect to adjacent 
structures can be judged accurately, and all employ 
some method by which sepsis (i.e. infection) is high- 
lighted. These aims can be achieved in various ways. 
Many investigators employ the rapid and convenient 
fast spin- echo T2 -weighted sequence, which provides 
good contrast between hyperintense fluid (pus) within 
the track and the hypointense fibrous wall that sur- 
rounds it, while simultaneously enabling good dis- 
crimination between the muscular layers of the anal 
sphincter. Fat suppression techniques are very useful. 
The earliest reports used STIR imaging, with 
Tl -weighted scans for additional anatomical clarifica- 
tion (Lunniss et al. 1992). With subsequent improve- 
ments in scanner technology, it is possible to achieve 
excellent results using STIR sequences alone since 
anatomical resolution is satisfactory (Buchanan et al. 
2002, 2004). Fat suppressed T2-weighted fast spin- 
echo and/or Tl -weighting enhanced by gadolinium 
contrast are acceptable alternatives or may be used in 
combination (Spencer et al. 1996). While other 
approaches have included saline instillation into the 
external opening, or rectal contrast medium, such 
measures increase examination complexity in the face 
of the already excellent results achieved by less inva- 
sive procedures, and there is therefore little motiva- 
tion to adopt them. For the majority of their clinical 
work the authors use a 1.5-T magnet, a single sagittal 
T-2 weighted study and two STIR sequences (axial 
and coronal - see section below), which makes for a 
very rapid and easy examination (Tables 19.1 and 
19.2). Patients do not fast prior to the procedure and 
the authors do not use a smooth muscle relaxant. 

It is central to success that imaging planes are cor- 
rectly aligned with respect to the anal sphincter. 
Because the anal canal is tilted forwards from the 
vertical by approximately 45°, axial and coronal 
images that are straight with respect to the patient/ 
scanner tabletop will result in oblique images of the 



MRI of the Anus 335 



Table 19.1 . MR imaging protocols for imaging fistula-in-ano 



Imaging 
planes 


Sequence 


Fat sup- 
pression 


TR 

(ms) 


TE 

(ms) 


Echo train 
length 


No. of 
excitations 


Field of 
view (mm) 


Imaging 
matrix 


Slice 

thickness 
(mm) [gap] 


Bandwidth 
(kHz) 


Sagittal 


T2 TSE 


no 


6,700 


97 


15 


4 


200 


256 


4[1] 


130 


Coronal- 
angled to the 
anal canal 


STIR 


No (IR) 
TI 150 


4,520 


27 


5 


1 


280 


256 


4[1] 


132 



Axial-angled STIR No (IR) 6,000 28 5 1 200 256 4 [1] 132 

to the anal TI 150 

canal 



The table details the imaging protocols currently used by the authors to image fistula-in-ano. These have been developed using 
a Siemens 1.5 T magnet and external phased array coils 



Table 1 9.2. MR imaging protocols for imaging anal canal tumors and pelvic floor 



Imaging planes 


Sequence 


Fat sup- 
pression 


TR 

(ms) 


TE 

(ms) 


Echo train 
length 


No. of 
excitations 


Field of 
view (mm) 


Imaging 
matrix 


Slice 

thickness 
(mm) [gap] 


Bandwidth 
(kHz) 


Axial-angled to 
anal canal 


T2 TSE 


No 


5,170 


92 


15 


4 


200 


256 


3[1] 


191 


Coronal-angled 
to anal canal 


T2 TSE 


No 


3,200 


92 


15 


4 


180 


256 


3[1] 


191 



Sagittal T2TSE No 7,670 97 15 4 250 256 4 [1] 130 



The table details the imaging protocols currently used by the authors to image fistula-in-ano. These have been developed using 
a Siemens 1.5 T magnet and external phased array coils 



anus, and the geography of any fistula will be difficult 
to ascertain. This is especially so when trying to 
determine the height of the internal opening. Oblique 
axial and coronal planes orientated orthogonal and 
parallel to the anal sphincter are mandatory and are 
most easily planned from an initial, midline sagittal 
acquisition through the pelvis (Fig. 19.4). It may be 
necessary to align supplementary scans to the rectal 
axis in complex cases with an internal opening high 
in the rectum, but this is seldom necessary. It is 
important that the imaged volume extends several 
centimetres above the levator muscles and also 
includes the whole pre-sacral space, both of which 
are common sites for extensions. The entire perineum 
should also be included. Occasionally, tracks may 
extend for several centimetres, even leaving the pel- 
vis or reaching the legs, and any track must be fol- 
lowed to its termination if this has not been included 
on the standard volume. The precise location of the 
primary track (e.g. ischioanal or intersphincteric) is 
usually most easily appreciated using axial images 
and the radial site of the internal opening is also well 
seen using this plane. Coronal images best visualize 



the levator plate, which separates supra from infral- 
evator infection. The height of the internal opening 
may also be best appreciated on coronal images, with 
the caveat that the anal canal must be imaged along 
its entire cranio-caudal extent, as explained above. 

19.1.6 

Image Interpretation 

The success of MR imaging for Preoperative classifi- 
cation of fistula-in-ano is a direct result of its sensi- 
tivity for tracks and abscesses combined with high 
anatomical precision. Accurate Preoperative classifi- 
cation is achieved by correctly relating the imaged 
fistula and any extensions to the anal sphincter. All 
reports should include the following information: 
The radial location and classification of the primary 
track, the radial location and level of the internal 
opening, and a description of any extensions includ- 
ing abscesses. 

Active tracks are filled with pus and/or granula- 
tion tissue, and thus appear as hyperintense longitu- 
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Fig. 19.4. Sagittal T2-weighted planning scan showing the 
orientation of the anal canal and the oblique axis to which 
the axial (a) and coronal (b) scans must be aligned. Images 



should extend well into the supralevator compartment and 
also cover the entire presacral space 




Fig. 19.5. Male patient with a transsphincteric fistula-in- 
ano. (a) T2-weighted axial image at mid anal canal level, 
(b) Corresponding STIR image. There is a transsphincteric 



fistula in the right posterior quadrant, which is clearly pen- 
etrating the external sphincter to reach an internal opening 
at 6 o'clock posterior 



dinal structures on T2-weighted (Fig. 19.5a) or STIR 
sequences (Fig. 19.5b). If thought clinically relevant, 
gadolinium contrast can be used to distinguish 
between pus and granulation tissue per se. Active 
tracks are often surrounded by hypointense fibrous 
walls (Fig. 19.5a), which can be relatively thick, espe- 
cially in patients with recurrent disease and previous 
surgery. Occasionally some hyperintensity within 



this fibrous area may be seen, probably reflecting 
edema. Hyperintensity may also extend beyond the 
track and its fibrous sleeve, representing adjacent 
inflammation and edema. 

The external anal sphincter is clearly visualized on 
MRI. It is relatively hypointense and its lateral border 
contrasts sharply against the fat within the ischioanal 
fossa, on both STIR (Fig. 19.5b) and especially on 



MRI of the Anus 337 



C3 

SE/M 

L11 



4 




AP-11 ant 




Fig. 19.6. Axial STIR MR images in a man with a posterior in- 
tersphincteric fistula. Note that the fistula is contained by the 
external sphincter; there is no sepsis in the ischioanal fossa 

T2-weighted studies (Fig. 19.5a). This result is that it is 
relatively easy to determine whether a fistula is con- 
strained by the external sphincter or has extended 
beyond it. If a fistula remains constrained by the 
external sphincter throughout its course, then it is 
highly likely to be intersphincteric (Fig. 19.6). While 
any evidence of a track in the ischioanal fossa effec- 
tively excludes an intersphincteric fistula, trans- 
sphincteric, suprasphincteric, and extrasphincteric 
fistulas all share this feature - it is the level of the 
internal opening and the level at which the fistula 
crosses the sphincter complex that differentiates 
between these latter types. A transsphincteric fistula 
will be the commonest cause of a track in the ischioa- 
nal fossa (Fig. 19.5) simply because it is much more 
frequent than either supra- or extrasphincteric types. 

The exact anatomical location of the internal open- 
ing can be difficult to define. Two questions need to be 
answered: what is the radial site of the internal open- 
ing and what is its level? The vast majority of anal fis- 
tulas open into the anal canal at the level of the dentate 
line, commensurate with the cryptoglandular hypoth- 
esis of fistula pathogenesis. Furthermore, most fistu- 
las also enter posteriorly, at 6 o'clock. Unfortunately, 
the dentate line cannot be identified as a discrete ana- 
tomical entity, even when using endoanal receiver 
coils, but its general position can be estimated with 
reasonable precision: The dentate line lies at approxi- 
mately mid- anal canal level. This is generally midway 
between the superior border of the puborectalis mus- 
cle and the most caudal extent of the subcutaneous 
external sphincter. These landmarks define the "sur- 
gical" anal canal (as distinct from the "anatomical" 
anal canal, which is shorter, and defined as the canal 



Fig. 19.7. Coronal T2-weighted MR image in a man with an 
extrasphincteric fistula. Note that the primary fistula track 
(arrows) enters the rectum at the level of the levator plates. 
There is no opening in the anal canal 

caudal to the anal valves). Dentate level is undoubt- 
edly best estimated using coronal views, which allow 
the entire cranio-caudal extent of the puborectalis 
muscle and external sphincter to be appreciated, but 
its location can be estimated from axial views with 
reasonable precision given sufficient prior experience. 
It should be noted that in many patients the puborec- 
talis muscle is rather gracile, unlike the bulky muscle 
suggested in many anatomical illustrations. Notably, 
the puborectalis frequently blends imperceptibly into 
the external sphincter, which hampers precise identi- 
fication of the mid-anal canal level. Nevertheless, this 
can be overcome with experience. It may be helpful to 
trace the course of the puborectalis from its anterior 
anchorage on the pubis, back toward the sphincter 
complex, which helps differentiate it from the exter- 
nal sphincter. Any track that penetrates the pelvic 
floor above the level of the puborectalis muscle is 
potentially a suprasphincteric or extrasphincteric fis- 
tula. The level of the internal opening distinguishes 
between these, being anal in the former and rectal in 
the latter (Fig. 19.7). 
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Transsphincteric fistulas penetrate the external 
sphincter directly, a feature that can be easily appreci- 
ated on axial (Fig. 19.5) or coronal views. However, 
recent MR studies have revealed that a transsphinc- 
teric track may cross the sphincter at a variety of 
angles (Buchanan et al. 2003a, b). For example, it may 
arch upwards as it passes through the external sphinc- 
ter and thus cross the muscle at a higher level than 
would be deduced merely from inspecting the level of 
the internal opening. This is important because such 
tracks will require a greater degree of sphincter inci- 
sion during fistulotomy, with a correspondingly 
increased risk of postoperative incontinence. Coronal 
MRI is best placed to estimate the precise angulation 
of the tract with respect to the surrounding muscula- 
ture (Buchanan et al. 2003b). 

The radial site of the internal opening is simple to 
identify if the fistula track can be traced right to the 
anal mucosa but this appearance is very unusual since 
the internal opening is rarely widely patent - rather it 
is more often compressed and can be very difficult 
to see, even during direct inspection at EUA. 
Consequently, it is typically impossible to trace a fis- 
tula right up to the anal mucosa, unless an endoanal 
coil has been used. It follows that an intelligent deduc- 
tion must be made as to where the internal opening is 
likely to be. This is best achieved by looking to where 
there is maximal intersphincteric sepsis, since the 
internal opening is likely to lie adjacent or very close 
to this (Fig. 19.8). The intersphincteric space and lon- 
gitudinal layer is often seen as a low-intensity ring 
lying between the internal and external sphincter. The 



Fig. 19.8. Axial STIR image in a man with a transsphincteric 
fistula. The epicentre of sepsis is in the intersphincteric plane 
at 1-2 o'clock (curved arrow). This indicates the radial posi- 
tion of the internal communication with the anal lumen 



internal sphincter is hyperintense on both T2-weighted 
fast spin echo and STIR sequences. The radial position 
of the internal opening is reported with respect to a 
clock face, with 12 o'clock being directly anterior with 
the patient in the supine position. It should be noted 
that the patient's position on the operating table may 
differ from this depending on the surgical approach 
taken (e.g., prone jacknife). The surgeon needs to 
understand that the radiological report refers to the 
patient in the supine standard anatomical position. 

The major advantage of MR imaging is the facility 
with which it can image any extensions associated 
with the primary track. Morphologically, extensions 
frequently take the form of complex track systems, 
regions of which are often dilated to create an abscess 
(although a precise radiological definition of when a 
track becomes an abscess and vice versa remains elu- 
sive). Extensions are revealed as hyperintense regions 
on T2-weighted and STIR sequences and also enhance 
further if intravenous contrast is given. Again, col- 
lateral inflammation can be present to variable extent. 
The commonest type of extension is one that arises 
from the apex of a transsphincteric track and extends 
into the roof of the ischioanal fossa (Fig. 19.9). 




Fig. 19.9. Coronal STIR MR image in a patient with a trans- 
sphincteric fistula and extension (arrowhead) into the roof 
of the right ischio-anal fossa. The extension is below the 
levator plates (curved arrows) 
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Fig. 19.10. Axial STIR image in a woman with a primary 
transsphincteric fistula-in-ano (arrowhead). Preoperative 
MR imaging reveals a very substantial extension into the 
right buttock (arrows), which was unsuspected 



The major benefit of preoperative MRI is that it can 
alert the surgeon to extensions that would otherwise 
be missed during EUA. This is especially the case 
when extensions are either contralateral to the pri- 
mary track or when they are several centimetres 
away from it (Fig. 19.10). It is especially important to 
image supralevator extensions (Fig. 19.1 1) since these 
are not only particularly difficult for the surgeon to 
detect but they also pose specific difficulties with 
treatment. Horseshoe extensions spread either side 
of the internal opening and are recognized on MRI 
by their unique configuration (Fig. 19. 12). Horseshoes 
may be inter sphincter ic, ischioanal, or supralevator. 
Complex extensions are especially common in 
patients with recurrent fistula-in-ano or those who 
have Crohn's disease. 



19.1.7 

Effect of Preoperative MRI on Surgery 
and Clinical Outcome 

Over the past decade MRI has revolutionized the 
treatment of patients with fistula-in-ano. As stated in 
the sections above, this is because MRI can 
Preoperatively classify fistulas with high accuracy, 
alerting the surgeon to disease that would otherwise 
have been missed. While there are reports of the tech- 
nique dating from 1989 (Koelbel et al. 1989) it was 




Fig. 19.11. Coronal T2-weighted MR image in a patient with 
bilateral fistulas (arrowheads). There are bilateral supral- 
evator extensions - the tracks penetrate the levator plates 
(curved arrows) to reach the supralevator space 




Fig. 19.12. Axial STIR MR image showing a horseshoe exten- 
sion (arrows) 

not until the description by Lunniss et al. (1992) that 
the true potential of MRI was appreciated fully. 
Lunniss imaged 16 patients with cryptoglandular fis- 
tula-in-ano and compared the classification achieved 
by MRI with that obtained at subsequent EUA. MR 
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imaging proved correct in 14 of the 16 cases (88%), 
immediately suggesting that it was by far the most 
accurate Preoperative assessment available at the time. 
However, the remaining two patients, in whom MRI 
had suggested disease but where EUA had been nor- 
mal, represented subsequently with disease at the site 
initially indicated by MRI. The clear implication was 
that EUA had missed disease that had been detected 
by MR. This led the authors to conclude, "MRI is the 
most accurate method for determining the presence 
and course of anal fistulae" (Lunniss et al. 1992). 

Lunnis' work was rapidly confirmed by other work- 
ers and subsequently elaborated on. For example, 
Spencer and colleagues independently classified 37 
patients into those with simple or complex fistulas on 
the basis of MRI and EUA, and found that MRI was the 
better predictor of clinical outcome, with positive and 
negative predictive values of 73% vs. 57% and 87% vs. 
64% for MRI and surgery, respectively (Spencer et al. 
1998). This study implied clearly that MRI and clinical 
outcome were closely related, and again raised the 
possibility that Preoperative MRI could help identify 
features that caused post-operative recurrence. Beets- 
Tan and colleagues extended this hypothesis by inves- 
tigating the therapeutic impact of Preoperative MRI; 
the MRI findings in 56 patients were revealed to the 
operating surgeon after they had completed an initial 
EUA (Beets-Tan et al. 2001). MRI provided impor- 
tant additional information that precipitated further 
surgery in 12 of the 56 patients (21%), predominantly 
in those with recurrent fistulas or Crohn's disease 
(Beets-Tan et al. 2001). Buchanan and co-workers 
hypothesized that the therapeutic impact and thus 
beneficial effect of Preoperative MRI would be great- 
est in patients with recurrent fistulas, since these had 
the most chance of harboring occult infection while 
simultaneously being the most difficult to evaluate 
clinically (Buchanan et al. 2002). After an initial EUA 
they revealed the findings of Preoperative MRI in 71 
patients with recurrent fistulas, and left any further 
surgery in the light of the MRI findings to the discre- 
tion of the operating surgeon. The clinical course of 
each patient was then followed subsequently. They 
found that postoperative recurrence was only 16% for 
surgeons who always acted when MRI suggested they 
had missed areas of sepsis, whereas recurrence was 
57% for those surgeons who always chose to ignore 
imaging, believing their own assessment to be supe- 
rior (Buchanan et al. 2002). Furthermore, of the 16 
patients who needed further surgery, MRI predicted 
the site of this disease correctly in all cases (Buchanan 
et al. 2002). 



Ever since Lunnis's work suggested that EUA might 
be an imperfect reference standard with which to 
judge MRI (Lunniss et al. 1992), comparative studies 
have been plagued by the lack of a genuine reference 
standard. It is now well-recognized that surgical find- 
ings at EUA are often incorrect, especially if the fistula 
is complex. In particular, false-negative diagnoses are 
relatively frequent. In a recent comparative study of 
endosonography, MRI and EUA in 34 patients with 
fistulas due to Crohn's disease, Schwartz and co- 
workers found that a combination of the results of at 
least two modalities was necessary in order to arrive 
at a correct classification (Schwartz et al. 2001). 
Lunnis' was the earliest work to suggest that many 
surgical false-negatives will only reveal themselves 
over the course of long-term clinical follow-up and 
others have confirmed this observation (Spencer 
et al. 1998; Buchanan et al. 2002; Schwartz et al. 
2001). At this point in time, comparative studies that 
ignore clinical outcome are likely to be seriously 
flawed. Recognizing this, Buchanan and co-workers 
examined 108 primary tracks by digital examination, 
anal endosonography and MRI, and then followed 
patients' clinical progress to establish an enhanced 
reference standard for each patient who was based 
on ultimate clinical outcome rather than EUA 
(Buchanan et al. 2004). The authors found that digi- 
tal evaluation correctly classified 61% of primary 
tracks, AES 81%, and MR imaging 90% (Buchanan 
et al. 2004). While endosonography was particularly 
adept at predicting the site of the internal opening 
correctly, achieving this in 91%, MRI achieved this in 
97% and was superior to endosonography in all 
assessments investigated by the authors (Buchanan 
et al. 2004). While endosonography is undoubtedly a 
useful tool for investigating fistula-in-ano, it cannot 
compete with MRI for detection of extensions, which 
is undoubtedly the most important role for 
Preoperative imaging. MRI is also more generally 
available and less operator dependent. 

19.1.8 

Differential Diagnosis of Perianal Sepsis 

Not all perianal sepsis is caused by fistula-in-ano. For 
example, acne conglobata, hidradenitis suppurativa, 
pilonidal sinus, actinomycosis, tuberculosis, procti- 
tis, human immunodeficiency virus, lymphoma, and 
anal and rectal tumors may all cause peri-anal infec- 
tion. While clinical examination is often conclusive, 
this is not always the case and imaging may help 
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clarify the differential diagnosis. As noted in the sec- 
tions above, the cardinal feature of fistula-in-ano is 
intersphincteric infection, which is not generally 
found in other conditions. Whenever imaging sug- 
gests that infection is superficial rather than deep- 
seated, and there is no sphincteric involvement, then 
other conditions such as hidradenitis suppurativa 
should be considered. For example, a study compar- 
ing patients with pilonidal sinus and fistula-in-ano 
found that MRI could reliably distinguish between 
the two on the basis of intersphincteric infection and 
an enteric opening, both of which were always absent 
in pilonidal sinus (Fig. 19.13) (Taylor et al. 2003). 

The possibility of underlying Crohn's disease 
should always be considered in patients who have 
particularly complex fistulas, especially if the history 
is relatively short. Indeed, a perianal fistula is the pre- 
senting symptom in approximately 5% of patients 
with Crohn's disease and 30-40% will experience 
anal disease at some time (Schwartz et al. 2002). 
MRI can be extended cranially to encompass the 
small bowel when Crohn's disease is suspected and 
the possibility of underlying pelvic disease should be 




Fig. 19.13. Axial STIR image in a man with pilonidal sinus 
disease in whom a fistula was suspected clinically. There is a 
track posteriorly at 6 o'clock, which penetrates deep enough 
to contact the posterior aspect of the external sphincter 
but there is no penetration into the sphincter and no inter- 
sphincteric sepsis. No internal opening was found at EUA 



considered in any patient with an extraphincteric fis- 
tula, whether thought to be due to Crohn's disease or 
otherwise. 



19.1.9 

Which Patients Should Be Imaged? 

While most patients with fistula-in-ano are simple to 
both diagnose and treat, a proportion will benefit 
from detailed and accurate Preoperative investiga- 
tion. Where there is easy access to MRI, it could be 
argued that all patients should be imaged 
Preoperatively. For example, while the therapeutic 
impact of Preoperative MRI is undoubted in patients 
with complex disease (Beets -Tan et al. 2001; 
Buchanan et al. 2002), it has been estimated that the 
therapeutic impact of MR imaging is 10% in patients 
presenting for the first time with seemingly simple 
fistulas (Buchanan et al. 2003a, b). However, where 
access to imaging is more restricted, the clinician and 
radiologist will need to select those patients who are 
most likely to benefit. Since there is now overwhelm- 
ing evidence that MRI alters surgical therapy and 
improves clinical outcome in patients with recurrent 
disease, MRI should be performed routinely in such 
cases. Patients presenting for the first time with a fis- 
tula that appears complex on clinical examination 
should also be referred, as should patients with known 
Crohn's disease since the preponderance of complex 
fistulas is increased in this subgroup. 

The benefit of MRI is not restricted to surgical 
assessment. The advent of monoclonal antibody to 
human tumor necrosis factor alpha has impacted 
dramatically upon the medical management of 
patients whose fistulas are due to Crohn's disease, 
especially those with chronic disease. However, ther- 
apy is contraindicated if an abscess is present and 
MRI may be used to search for this. Indeed, MRI may 
be used to monitor therapy since it seems that fistu- 
las may persist in the face of clinical findings that 
suggest remission. For example, MRI studies in 
patients whose external opening has closed have 
revealed that underlying sepsis is often still present, 
indicating a need for continuing therapy (Bell et al. 
2003). A recent study of fistula enhancement follow- 
ing gadolinium enhancement in patients with Crohn's 
disease found that pixel-by-pixel analysis was able to 
differentiate between differing levels of systemic dis- 
ease activity, raising the possibility that this approach 
could be used to titrate medical therapy (Horsthuis 
et al. 2009) 



342 S. Halligan and S.A.Taylor 



19.2 



MR Imaging to Investigate 
Anal Incontinence 

19.2.1 

Anal Incontinence 

Anal incontinence is common, especially in women. It 
is particularly debilitating from a social perspective 
and its prevalence increases with age. Etiology can be 
broadly divided into two groups: Incontinence due to 
sphincter degeneration or atrophy (due to age for 
example) and incontinence due to loss of integrity of 
the anal sphincter ring. The latter occurs most com- 
monly in women following childbirth by vaginal 
delivery. While anal sphincter laceration during child- 
birth was previously thought to be a relatively rare 
event because it could only be identified clinically in 
one per 200 vaginal deliveries, studies using anal 
endosonography (AES) immediately postpartum 
have suggested an incidence closer to one-third of all 
vaginal deliveries: A prospective, endosonographic 
study of 202 unselected consecutive women pre- and 
postvaginal delivery revealed anal sphincter tears in 
28 of 79 of primiparous subjects (35%) and 21 of 48 of 
multiparous subjects (44%) (Sultan et al. 1993). 
Symptoms of anal incontinence may occur immedi- 
ately after delivery if trauma is sufficient but many 
women present later in life, presumably because 
cumulative effects of multiple deliveries, progressive 
neuropathy, aging, and the menopause overcome 
their compensation mechanisms (Reay Jones et al. 
2003). Many are also too embarrassed to complain or 
they, or their doctors, believe that the condition is 
incurable. 

Minor degrees of anal incontinence can often be 
satisfactorily managed with dietary manipulation, 
pharmacological treatment, or physiotherapy and 
biofeedback. However, if this proves unsatisfactory, 
then more aggressive treatment is warranted. While 
there are many modalities available to investigate 
anal sphincter function, for example measurement of 
anal squeeze pressures and pudendal nerve latency, it 
is imaging that has assumed the central role in the 
investigation of anal incontinence. This is simply 
because imaging most accurately identifies whether 
the anal sphincter ring is intact or not. Patients whose 
external sphincter has been disrupted by childbirth 
can be treated surgically by a sphincter repair, the aim 
of which is to restore mechanical integrity to the 
sphincter ring. If the sphincters are found to be intact 



on imaging, then the etiology of the patient's inconti- 
nence is likely to be degenerative or neurogenic in 
origin and surgical sphincter repair has nothing to 
offer - in such cases, sacral nerve stimulation (Jarrett 
et al. 2008) or surgical implantation of an artificial 
anal sphincter maybe necessary (Vaizey et al. 1998). 



19.2.2 

MRI Findings in Anal Incontinence 

Anal endosonography was the first imaging modality 
able to visualize the separate components of the anal 
sphincter complex with sufficient clarity for clinical 
utility (Law and Bartram 1989). Obstetric sphincter 
lacerations are diagnosed simply by an anterior dis- 
continuity in the muscles of the external sphincter 
complex. As described in the sections above, AES is 
generally inferior to MRI for assessment of fistula-in- 
ano, principally because the depth of penetration is 
limited by the probe frequency. However, assessment 
of anal sphincter integrity only requires that the 
sphincter be imaged with precision - depth of pene- 
tration is a secondary concern. For this reason, AES is 
used extensively in the diagnostic work-up of patients 
with anal incontinence, especially since it is cheap 
and relatively simple to perform, and has been proven 
to be extremely accurate (Malouf et al. 2000). 

An alternative to AES is MRI using a dedicated 
endoanal receiver coil, which allows the sphincter 
complex to be resolved with a spatial resolution suffi- 
cient to diagnose sphincter defects. Clinical studies 
using such coils were first described over a decade ago 
and comparisons were made with AES. Stoker and 
colleagues found MRI to be superior (Rociu et al. 
1999) whereas Halligan and co-workers found the 
opposite (Malouf et al. 2000). These data probably 
reflect differing preferences and familiarity with the 
modalities being tested - there is no doubt that both 
have clinical utility for the detection of sphincter tears. 
Subsequent larger comparative studies have found no 
significant difference between the two techniques for 
the detection of sphincter tears (Dobben et al. 2007). 
There is one area where MRI is almost certainly supe- 
rior however, and that is for the assessment of external 
sphincter atrophy. This describes replacement of the 
striated muscle of the external sphincter by fat, and is 
believed to arise as a consequence of neuropathy, pos- 
sibly initiated by childbirth. It is well recognized that 
external sphincter laceration and neuropathy can 
coexist several years following vaginal delivery - in 
this context the presence of atrophy prejudices the 




Fig. 19.14. Coronal T2-weighted images from an endoanal 
receiver coil showing extensive sphincter atrophy 

results of external sphincter repair because the muscle 
is of poor quality (Briel et al. 1999). 

Endoanal coils are housed within a rigid plastic 
cylinder (as opposed to inflatable rectal coils) that is 
designed to cross the anal sphincter, and the diame- 
ter varies between 7 and 19 mm, with smaller diam- 
eters being used to image paediatric sphincters 
(deSouza et al. 1997). While this design affords the 
highest spatial resolution, advances in pelvic phased- 
array coil technology mean that the anal sphincter 
complex can be visualized in detail using these, and 
the need for an endo-anal coil has diminished (Terra 
et al. 2005). Irrespective of the coil used, most work- 
ers use a T2-weighted sequence (e.g. turbo spin-echo) 
since this affords good contrast between the various 
components of the sphincter complex while also pro- 
viding excellent anatomical visualization. It is par- 
ticularly suited for distinguishing between fat and 
striated muscle and thus is effective in external 
sphincter atrophy (Fig. 19.14). A combination of axial 
and coronal T2-weighted sequence is sufficient 
(Tables 19.1 and 19.2). The internal sphincter is rela- 
tively hyperintense whereas the external sphincter, 
puborectal muscle, and levator muscles are relatively 
hypointense. In patient with sphincter tears follow- 
ing obstetric injury, these are revealed by discontinu- 
ity of the external sphincter ring anteriorly 
(Fig. 19.15). Depending on the severity of the tear, the 
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Fig. 19.15. Axial T2-weighted image showing a right 
anterior quadrant external anal sphincter tear (arrow) and 
perineal scarring (compare to normal left side) following 
vaginal delivery 

internal sphincter may also be involved. In clinical 
practice, it is usual for both sphincters to be lacer- 
ated. Tears usually involve the full length of the anal 
canal. Partial tears are less common but convey less 
functional disturbance (Williams et al. 2001). 

A study of 30 patients who both underwent exter- 
nal phased array and endoanal MRI found that they 
did not differ significantly in their ability to depict 
external sphincter atrophy (Williams et al. 2001). 
However, as ever, accuracy was contingent on 
observer experience and authors have concluded that 
both techniques could only be recommended if suf- 
ficient expertise for interpretation was available 
(Terra et al. 2006). A study of 200 incontinent 
patients found that MR features of external sphincter 
atrophy on phased-array imaging correlated with 
impaired anal squeeze pressures as assessed by anal 
manometry, implying that MR could be used to iden- 
tify patients whose muscle quality was poor (Terra 
et al. 2006). 



19.3 



MR Imaging of Anal Malignancy 

Anal tumors are very rare and account for <1% of 
large bowel tumors. In contrast to colorectal tumors, 
which are nearly always adenocarcinomas, anal 
tumors tend to be epidermal in origin, for example 
squamous cell carcinoma. The anus is however one of 



344 S. Halligan and S. A. Taylor 



the most pluripotential sites for tumors (because it is 
a junctional zone anatomically) and many cell types 
can be encountered, including melanomas, Pagefs 
and anal gland carcinoma. Like cervical carcinoma, 
there is a strong association with human papillomavi- 
rus infection. HIV infection and smoking are also 
associated with increased relative risk. 

Anal tumors typically spread upwards, into the 
rectum, with the result that they may be difficult to 
distinguish from rectal cancers on clinical grounds. It 
should also be borne in mind that a tumor in the anal 
canal is more likely to be due to caudal spread of a 
rectal cancer than a primary anal carcinoma, simply 
because rectal cancer is vastly more common. Some 
cases of primary anal tumors may also be misclassi- 
fied as squamous carcinoma of the skin. Cranial exten- 
sion of anal carcinoma may result in direct invasion of 
local structures deeper to the anal sphincter, notably 
the musculature of the pelvic floor and the prostate or 
vagina. Local nodal spread is to the mesorectal nodes 
and, importantly, the inguinal nodes, which should be 
encompassed in the imaging field. Metastatic spread 
tends to be to the liver, lungs, and bone. 

Treatment of anal tumors is radically different 
from that of rectal carcinoma. Specifically, combined 
modality therapy using chemoradiation is the main- 
stay of treatment. In complete contrast to rectal can- 
cer therapy, surgery has relatively little to offer, and is 
reserved for treatment of very early superficial 
tumors (so that prolonged chemo-radiotherapy can 
be avoided) and to excise relapsed local disease where 




Fig. 19.16. Axial T2-weighted image at mid anal canal level 
in a man with anal carcinoma. The tumor (arrow) has pen- 
etrated through the internal sphincter and intersphincteric 
plane but is still confined by the external anal sphincter 



this is possible - normally by abdominoperineal 
excision of the anus and rectum or more extensive 
pelvic exenteration. 

The role of MRI is thus to stage the primary tumor 
and to define its margins for the radiotherapist, so 
that all malignant tissue is encompassed in the treat- 
ment field, and to assess the effects of treatment. 
These aims are best achieved using pelvic phased- 
array imaging since insertion of an endoanal coil may 




Fig. 19.17. (a) Axial T2-weighted image and (b) coronal 
T2-weighted image in a man with anal carcinoma (arrows). 
In contrast to the patient in Fig. 19.16, this tumor has pen- 
etrated through all layers of the anal sphincter complex to 
reach the right ischio-anal fossa 
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be difficult, painful, and field of view limitations may 
prevent detection of disease remote from the anal 
lumen (Koh et al. 2008). T2-weighted axial and coro- 
nal images, aligned with anal canal, should be suffi- 
cient to delineate the primary tumor and local extent 
(Figs. 19.16 and 19.17) (Tables 19.1 and 19.2). 
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